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Executive Summary
[PLACEHOLDER FOR FIRST ORDER DRAFT]
2.1 Introduction

In this chapter, we assess the scientific literature on atmospheric and surface observations since the AR4
(IPCC, 2007a). The most likely changes are indentified based on current knowledge, following the new
IPCC AR5 uncertainty guidance [reference needed].

As described in the AR4, the climate varies over all spatial and temporal scales: from the diurnal

cycle to El Nifio to multi-decadal and millennial variations. In this chapter, the changes are examined for the
period with instrumental observations, since about 1860. The reference climate period is generally 1961—
1990. For many variables derived from satellite data, information is only available for the post 1979 period.
For this recent period, use is also made of dynamical reanalyses datasets of the global atmosphere.

The global mean surface temperature remains an important climate change metric for several reasons. First,
the global mean surface temperature has traditionally been used to measure warming and has been monitored
for several decades now. Using global mean temperature, the variability associated with regional variability
is averaged out, giving a larger signal to noise ratio. Secondly, a readily link with global mean radiative
forcing of the climate system exists, and as such global temperature plays a key role in the mitigation policy
framework. Third, alternative measures of climate change, such as ocean heat content (see Chapter 3), can be
fully assessed for recent years only due to a lack of observations prior to 2005.

In addition to changes in temperature, this chapter considers changes in the hydrological cycle, and in
atmospheric composition, radiation budget, atmospheric circulation, and extreme events.

Besides global averages of climate variables, this chapter also focuses on a limited number of preferred
patterns (or modes) of variability, which determine the main seasonal and longer-term climate anomalies at
the regional scale. These patterns arise from the differential effects on the atmosphere of land and ocean,
mountains, and anomalous heating, such as occurs during El Nifio events. The regional response to global
warming can be complex and perhaps even counter-intuitive, such as changes in planetary waves in the
atmosphere that result in regional cooling (Trenberth et al., 2007).

Changes in time-averages of climate variables are assessed, as well as changes in variability and extremes.
Extremes of weather and climate, such as droughts and wet spells, are important because of their large
impacts on society and the environment. The nature of variability at different spatial and temporal scales is
vital to our understanding of extremes.

The chapter uses the word ‘trend’ to designate a generally monotonic change in the level of a variable
(IPCC, 2007a). Where numerical values are given, they are equivalent linear trends, though more complex
changes in the variable will often be clear from the description. The chapter also assesses the physical
consistency across different observations, which helps to provide additional confidence in trends.

[START BOX 2.1 HERE]
Box 2.1: Uncertainty in Observational Records

The vast majority of historical weather observations were never intended for climate research. Measurements
have changed in nature over time as data demands, observing practices and technologies have changed.
These changes almost always alter the characteristics of the measurements, changing their mean, their
variability or both such that it is necessary to process the raw measurements before they can be considered
useful for assessing the true evolution of the climate. This is true of all observing techniques that measure
physical atmospheric characteristics. The uncertainty in observational records encompasses instrumental
errors, errors of representivity (e.g., related to exposure, observing frequency, local time of observation,
measurement geometry, and instrument environment) as well as errors due to physical changes in the
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instrumentation (such as station relocations or new satellites). All further processing steps (gridding,
interpolating, averaging) have their own particular uncertainties. For instance, changes in the in-situ
observing network or irregular spacing of stations may cause errors in a spatially averaged series.

There is no unique, unambiguous, solution to identify and account for non-climatic artefacts in the vast
majority of records which means we cannot be absolutely certain as to how the climate system changed. The
only exception is certain atmospheric composition and flux measurements that are directly traceable through
an unbroken, well-characterized measurement chain to internationally recognized absolute measurement
standards. Such records, including the CO, record (Keeling, 1976), can be considered an accurate record of
the true changes in the measure and as sensed by the instrument, although this obviously does not preclude
non-instrumental effects. This is very much the exception to the norm.

Uncertainty in dataset production for all remaining variables falls into two distinct classes — parametric
uncertainty and structural uncertainty. Parametric uncertainty is the range of estimates that arises solely
through varying a restricted subset of methodological choices for which no rigorous basis exists. For
example, when adjusting for an apparent break in a time series whether to use 2, 3 or 5 years of data either
side to estimate this adjustment. But the overall methodological framework is not substantially questioned or
varied in assessing parametric uncertainty. In contrast, structural uncertainty involves questioning
fundamental assumptions about the choice of methodological framework. This uncertainty is most easily
ascertained from having multiple independent groups assess the same data as they will have distinct
approaches. It follows that structural uncertainty is almost always larger than parametric uncertainty and
arguably more useful in assessing our knowledge of the true changes in climate. Therefore whenever
multiple published estimates exist for a given parameter we have included them wherever possible to ensure
an honest assessment of the state of our knowledge. Box 2.1, Table 1 consolidates the types of uncertainty
that are present in climate analysis.

Many of the analyses we have assessed include a published estimate of parametric or structural uncertainty
and this is far more the case now than it was at the time of AR4 (Trenberth et al., 2007). It is important to
note that these constitute a very broad range of approaches. Great care should therefore be taken in
comparing the uncertainty ranges where they are quoted as it invariably does not constitute a like-for-like
comparison. In general studies that have been formulated and assessed against a comprehensive error model
accounting for multiple potential error sources in a rigorous manner yield larger uncertainty ranges than
those that consider a more restricted subset. This yields an apparent paradox in interpretation as naively
lower uncertainty should be associated with a better product. However, in many cases this would be an
incorrect inference as the smaller uncertainty range may instead reflect that the published estimate
considered only a subset of the plausible set of sources of uncertainty. Where this is likely to cause confusion
we clarify which approach was used to calculate published estimates of uncertainty and how comprehensive
the error consideration was.

Furthermore, commonly trends are calculated from these datasets as a way to summarize them in a single
number. But the climate system does not behave linearly so fitting a linear trend adds additional uncertainty.
There is a further complication that is sometimes overlooked in assigning confidence intervals to such
estimates. The atmosphere does not vary entirely randomly so there are fewer independent samples than
there are time steps in the series. If today is anomalously warm then more likely than not tomorrow will be
likewise. So, the uncertainty estimate needs to be inflated to reflect the fact that fewer independent samples
exist. There is a rich and often confusing literature in this regard but the basic issue being addressed by all
these approaches is that outlined above. In an annex to this chapter we have considered various options and
alighted on an approach to calculating trends and their uncertainties that we employ throughout the chapter
whenever we calculate them ourselves. This choice is a balance between applicability, comprehensibility and
statistical elegance and is not meant to imply that this should be used universally. Using a common approach
with a few standard trend periods is primarily designed to facilitate intercomparisons of results from
different areas of the chapter.

Box 2.1, Table 1: Examples of types of uncertainty relevant for climate research.

Degree of processing Type of uncertainty Example

Station time series Measurement uncertainty Instrument calibration
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Procedural uncertainty Change in standards (e.g., shelter), reporting
Representivity in time and space Station relocation, change in observation times
Homogenization Structural uncertainty All possible correction strategies
Parametric uncertainty Choices and parameters in a selected
correction strategy
Averages and products Coverage uncertainty Gaps in time and space
Representivity in time and space Over-/underrepresentation of urbanized areas
Structural uncertainty All possible gridding and averaging strategies
Parametric uncertainty Choices and parameters in a selected gridding
or averaging strategy
Trend calculation Structural uncertainty All possible trend methods
Parametric uncertainty Parameters in selected trend method

[END BOX 2.1 HERE]

2.2 Changes in Temperature
[PLACEHOLDER FOR FIRST ORDER DRAFT]
2.2.1 Land Surface Temperature

AR4 concluded global land surface temperatures had increased, particularly rapidly so since the 1970s.
Warming was noted to be greatest in winter and spring over the Northern Hemisphere extra-tropics. Urban
Heat Island effects were concluded to be real local phenomena but their impact on the global average trend
much smaller than the trend itself. Diurnal Temperature Range was concluded to have narrowed with
minimum increasing faster than maximum; but significant multi-decadal variability was highlighted. Since
AR4 substantial developments have occurred including the production of revised global and regional
estimates. These innovations have improved understanding of data issues and uncertainties and allowed
better understanding of regional changes. However, the key findings in AR4 remain essentially unaffected.

Observations are available for most of the global land surface since the mid-1800s to early 1900s.
Availability reduces recently due in part to data latencies. Some regions such as deserts and other extreme
environments have never been adequately sampled (Figure 2.1). Non-digital temperature records continue to
be found in various country archives and are being digitized.

[INSERT FIGURE 2.1 HERE]
Figure 2.1: Station availability for the GHCN monthly network for the late 19th century, the 1961-90 period
of maximum station density and most recent decade.

Improvements have been made to the two main historical global data sets of land-based station observations,
the Global Historical Climatology Network Version 3 (GHCN V3; (Lawrimore, 2011) and CRUTEM3
(Brohan et al., 2006). There remain some differences in station inventories and sources used.

GHCN V3 improvements, described in Lawrimore (2011), include elimination of “duplicate” time series for
many stations, updating station data with the most recent data, the application of enhanced quality assurance
procedures (Durre et al., 2010) and the application of a new pairwise homogenization approach for
individual station time series (Menne and Williams, 2009). GISS continues to provide an estimate based
upon GHCN but with different station inclusion criteria, additional night light adjustments and a distinct
gridding and infilling method (Hansen et al., 2010).

Similarly, the CRUTEMB3 data set has undergone improvements through updating of station time series, and
additional quality assurance. Since CRUTEM3 is provided in gridded form, enhancements were made to the
gridding technique.
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The long-term variations and trends of available global land surface estimates are in broad agreement (Figure
2.2). As discussed extensively in AR4 differences generally arise from different methods used to spatially
average station data into one global number (\Vose et al., 2005b; [Easterling et al., 2011]). Land temperature
evolution exhibits inter-annual, decadal and interdecadal variability that is grossly similar across all datasets.
Uncertainties arising from choice of dataset do not impact the conclusion that global land surface
temperatures have increased.

[INSERT FIGURE 2.2 HERE]
Figure 2.2: Global land surface temperature time series evolution estimates from 1880 to present.

[PLACEHOLDER FOR FIRST ORDER DRAFT] Regional analyses
2.2.1.1 Diurnal Variation

[A paper updating Vose et al., 2005a on mx/mn/dtr, adding 6 more years of data through 2010, is being done
by Russ Vose and will be submitted by Summer 2011 and results available for the FOD. The next paragraph
is a placeholder for those results.]

[PLACEHOLDER FOR FIRST ORDER DRAFT] The quasi-global annual trend in maximum and minimum
surface air temperature for the period 1950-2010 is ?? per decade for maximum temperature and ?? per
decade for minimum temperature (Figure 2.2). The diurnal temperature range (DTR: maximum minus
minimum temperature) trends are ?? per decade (will say something about the character of DTR changes in
relation to max/min much like the AR4 where the DTR time series flattens after about 1985). Spatial
coverage in VVose et al. (2005a) and reported in AR4 for the period 1950-2004 was approximately 71% of
the global land area and for VVose et al. (2011) for the period 1950-2010 coverage is approximately XX% of
the global land area....

Regionally some differences have been reported. Makowski et al. (2009) find that the long-term trend of
annual DTR in Europe over 1950-2005 changed from a decrease to an increase in the 1970s in Western
Europe and 1980s in Eastern Europe. Roy and Balling (2005) found significant increases in both maximum
and minimum temperatures for India, but little change in DTR over 1931-2002.

A number of studies have related changes in the DTR to changes in other variables. Zhou et al. (2009a)
compared spatial trends in DTR to trends in precipitation, cloud cover, and leaf-area index (LAI), finding
that decreasing trends in DTR correlated with increasing precipitation, cloud cover, and LAI, with stronger
decreases in DTR in drier areas. Shiu et al. (2009) examined DTR, humidity and precipitation in Taiwan
finding that decreases in night time relative humidity were related to increasing night time temperatures over
1961-2005. Jackson and Forster (2010) found that cloud cover, soil moisture, distance inland, solar
radiation, and elevation along with vegetation type explained most of the seasonal and geographical variance
in DTR, with vegetation and cloud cover having the strongest relationship.

ARA4 discussed a so-called “weekend” effect in DTR for a number of regions including the USA, China,
Japan, and Mexico [(Forster and Solomon, 2004)]. Since then similar effects have been found for Germany
(Baumer and Vogel, 2007), China (Ho et al., 2009a; [Gong et al., 2006]), Tibet [(You et al., 2009)], Korea
[(Kim et al., 2009)], southern Europe (Sanchez-Lorenzo et al., 2008b), and all Europe (Laux and Kunstmann,
2008). In each case the DTR for week days and weekend days is significantly different, in most cases greater
on the weekend.

2.2.1.2 Urban Heat Islands and Land Use Effects

Estimates of large-scale temperature change have either avoided urban observing sites, or adjusted their data
to match regional rural trends (Menne and Williams, 2009; [Parker, 2010]). Accordingly, Trenberth et al.
2007) concluded that “Urban heat islands are real but local, and have not biased the large-scale trends”. AR4
adopted Brohan et al. (2006)’s urban warming uncertainty of 0.06°C per century for global land surface air
temperature trend.
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Urban heat islands form because the modified surface affects the storage and transfer of heat. Therefore rural
land-use change, such as clearance of forest for agriculture, also influences surface air temperature.
Examples of regional modification of temperature were discussed in AR4. However attempts to estimate the
effects of regional land-use changes, by comparing observations with a first-generation reanalysis (Box 2.2)
were shown to be flawed.

Hansen et al. (2010) used satellite-based nightlight radiances to estimate the worldwide influence on land
surface air temperature of local urban development down to 1 km granuality. Adjusting trends in lit areas to
match neighbouring dark areas only reduced the global 1900-2009 temperature change (averaged over land
and ocean) from 0.71°C to 0.70°C. Over the contiguous USA the temperature change was reduced by
0.07°C. [Efthymiadis and Jones (2010)] estimated an upper limit on urban influence of 0.02°C per decade, or
about 15% of the total trends, in 1951-2009 from trends of coastal land and sea surface temperature.

McKitrick and Michaels (2007) analysed surface air temperature trend fields in terms of national
socioeconomic and geographical indicators. They discounted atmospheric circulation as a driver because
they found different relationships of the indicators with free-tropospheric temperature trends. But
atmospheric circulation affects surface and tropospheric temperature patterns differently, weakening their
conclusion that about half the trend in global-average land surface air temperature in 1980-2002 resulted
from land-surface changes and faults in the observations.

[Wang et al. (2010)] used five-yearly 100m resolution Landsat images for 1980-2005 to measure areal urban
growth in China. The influence on the national-average temperature trend was estimated to be 0.10°C/decade
during 1980-2009 by reference to trends at stations with negligible urban growth within 20km, accounting
for 21% of the total national warming. This estimate is similar to those of Ren et al. (2008) for north China
for 1961-2000 on a population basis and Jones et al. (2008) for east China for 1951-2004 by reference to
ocean surface temperatures. It is much smaller than McKitrick and Michaels (2007)’s estimate for China
(about 0.3°C/decade) implicit in their Figure 4. It is much larger than the 0.01°C/decade estimate for
northeast China for 1954-2005 made by [Li et al. (2010)] who only classified high-population sites as urban.
Fujibe (2009) implicitly ascribes about 25% of warming trends in Japan in 1979-2006 to urban development.

[INSERT FIGURE 2.3 HERE]
Figure 2.3: Fall et al. (2010)’s Figure 6 comparing (inverted) “Observations minus Reanalysis” temperature
trends (°C per decade) over the USA with the Hansen et al. (2001) nightlight-based urban.

Improved reanalyses have been used to estimate the urban and land-use signature in observed surface air
temperature trends. Fall et al. (2010) found that the North American Regional Reanalysis, which does not
assimilate observed surface air temperatures, generated overall surface air temperature trends for 1979-2003
similar to the US Historical Climatology Network over the USA,; the geographical pattern of observations-
minus-reanalysis trends was in good qualitative agreement with Hansen et al. (2001)’s nightlights-based
adjustments (Figure 2.3). Observations-minus-reanalysis trends were most positive for barren and urban
areas, in accord with Lim et al. (2008)’s results using the NCEP/NCAR and ERA-40 reanalyses, and
negative in agricultural areas. Land-use changes to urban or barren (agriculture) caused observations-minus-
reanalysis warming (cooling) respectively as expected from changes in surface heat fluxes. [Hu et al. (2010)]
compared 4 reanalyses with surface air temperatures in eastern China, ascribing nearly a third of the overall
warming in 1979-2008 to land-use changes. The influence of land-use change was greater at night,
explaining nearly half of the observed decrease in frequency of nights colder than the 10th percentile.

2.2.2 Sea Surface Temperature

AR4 concluded that warming was strongly evident at all latitudes in Sea Surface Temperatures (SST) over
each ocean. Significant spatio-temporal structures including the El Nino phenomenon in the Pacific and a
hemispheric asymmetry in the Atlantic and their impact upon atmospheric circulation highlighted. Since
ARA4 there have been a number of new estimates of SST evolution and a step change in availability of
metadata as well as improvements in data completeness. Whilst these new products and information have
helped highlight and quantify uncertainties, they do not alter the conclusion that global SSTs have increased
since the late 19th century.
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2.2.2.1 Advances in Data and Understanding of Errors

Most historical SST observations arise from ships, with buoy measurements and satellite data becoming a
significant contribution in the 1980s. Digital archives such as the International Comprehensive Ocean-
Atmosphere Data Set [ICOADS, currently version 2.5; [Woodruff et al., 2011]] are constantly enriched as
paper archives are imaged and digitised (Brohan et al., 2009). Improvements in the understanding of marine
data have been expedited by the use of metadata such as WMO Publication 47 International List of Selected
and Supplementary Ships (Kent et al., 2007) and the availability of observer instructions and other related
documents. Data coverage prior to the second half of the nineteenth century is extremely poor (with little or
no data prior to 1800), so pre-1850 SST data has not been widely used (Figure 2.7).

Since AR4 it has been increasingly recognized that the traditional definition of the “bulk” SST which
assumes that the surface layer is well-mixed is valid only for night-time conditions or when surface winds
are strong. In many cases, the surface layer will be stratified and its measured temperature will depend on the
depth at which the measurement was made (Figure 2.4, Donlon et al. (2007)). The effect is significant for
relatively shallow buoy observations (Kennedy et al. (2007) and for all satellite measurements. Converting
measurements at different depths to the foundation SST (at 10 m depth) or reliably screening out
measurements affected by surface stratification, though theoretically possible, still represent substantial
challenges [(Merchant et al., 2008)].

[INSERT FIGURE 2.4 HERE]
Figure 2.4: Thermal structure of the ocean surface layer (adopted from Donlon et al. (2007) by GHRSST
participants; https://www.ghrsst.org/SST-Definitions.html; [precise attribution needs to be].

Early data were systematically biased cold because they were made using canvas or wooden buckets that, on
average, lost a great deal of heat to the air as they were hauled to the deck. This has long been recognized,
and various “bucket correction” schemes developed, which use simplified physical modelling of measuring
bucket’s heat exchange with the air (Folland and Parker, 1995; Rayner et al., 2006) or statistical modelling
based on the difference between measured SST and night marine air temperature (NMAT) observations
(Smith and Reynolds, 2002). Prior to AR4 this was the only artefact adjusted in SST products. From about
1920 the situation became more complex. Some ships began making measurements of engine room intake
(ERI) water. Despite the greater depth from which the water was taken, proximity to the hot engine often
biased these measurements warm [(Kent et al., 2010)]. During 1950-1980, bucket designs improved, and
heat losses became much smaller. Since the 1980s, many measurements have been made by drifting and
moored buoys. The buoy measurements tend to be more reliable than those from ships, with smaller biases
and measurement errors [(Kennedy et al., 2011a)]. Because of the prevalence of the ERI measurements, the
overall ship SST data tend to be biased warm compared to the buoy data by 0.12-0.18K on average ([Emery
et al., 2001]; Reynolds et al., 2010; [Kennedy et al., 2011a,c]).

Although less important than systematic biases for long-term trend analyses, random measurement errors
play an important role in the understanding of small scale features and at times when data are sparse. Kent
and Challenor (2006), [O’Carroll (2008)] and [Kennedy et al., 2011a] made estimates of the random
measurement uncertainties in ship and buoy data. Ship data were found to be less reliable, on average, than
buoy observations. Random sampling and measurement errors were shown to be twice as large in the global
average when calculated appropriately to account for both correlated and uncorrelated aspects for HadSST3
[(Kennedy et al., 2011b,c)] as in the HadSST2 data set used in AR4 which erroneously estimated all
sampling errors to be uncorrelated.

[INSERT FIGURE 2.5 HERE]

Figure 2.5: Fractional contribution to the global average SST from different measurement methods. The
blue area represents bucket observations. The green area, engine inlet and hull contact sensor observations.
The red area shows the contribution of moored and drifting buoys and the yellow area represents those
observations that cannot be identified.

Temporal and spatial variations in relative contributions of different measurement methods to the total
database (Figure 2.5) create a time-varying systematic bias in the mean SST (Figure 2.6), which is adjusted
in HadSST3 [(Kennedy et al., 2011c)]. These adjustments are responsible for small but noticeable

Do Not Cite, Quote or Distribute 2-8 Total pages: 155



O©CoOo~NooThwWwN -

Zero Order Draft Chapter 2 IPCC WGI Fifth Assessment Report

differences in the global estimates of the SST from HadSST2 and HadSST3 prelim data sets (Figure SST4),
the largest being the one due to the ERI-to-bucket transition at the end of World War Il (Thompson et al.,
2008). Their effect on linear trend estimates for periods of the order of a century is quite small, both globally
(Table 2.1) and locally (Figure 2.7). It should be noted that there has not yet been any kind of independent
re-estimation of biases in the SST record after 1941 so the structural component of the uncertainty has not
been fully explored.

[INSERT FIGURE 2.6 HERE]
Figure 2.6: Effect of observational platform biases on global mean SST [(from Kennedy et al., 2011c)].

[INSERT FIGURE 2.7 HERE]

Figure 2.7: Global means of annually averaged anomalies from marine surface temperature data sets. See
Table 2.2 for descriptions of the data sets. Anomalies for all data sets are computed with regards to a
common estimate of 1961-1990 climatological normals for SST (Table 2.1, Smith and Reynolds, 1998). To
aid visual comparison, the results for the night marine air temperature data set (MOHMAT4.3N) have been
shifted up by 1.2°C.

Table 2.1: Data Sets of SST and NMAT Observations used in Subsection 2.2.2. These data sets belong to the following
categories: as a database of in situ observations; gridded data sets of climate anomalies (with bucket or bias corrections
applied as deemed necessary by their authors); globally complete interpolated data sets based on the latter products; and
gridded data sets of the higher resolution that exist for the satellite data period. A data set of climatological normals
used in Figure 2.4 is listed too. Temporal trends (in °C per decade) in annual averages of global mean anomalies are
computed from the data contained in these data sets for 1891-2006 period (except where indicated otherwise) using
ordinary least squares regression. Their uncertainties are given as two standard deviation of regression coefficients
(correspond to 95% confidence interval for normal distributions).

Data set Abbr. Period Space-Time Grid | Reference Bucket | Trend o in Comment
Resolution / bias | annual global
corr. | means for 1891—
2006:
ot 20,
°Cldecade
Historical Database of In Situ Observations
International ICOADS, 1662 — present; | individual Woodruff et al. | No Not applicable Only 2°x2° monthly
Comprehensive Ocean— | v2.5 1800 — present, | reports; (2011) w/o bucket summaries for SST
Atmosphere Data Set 1960 — present | 2°x2° monthly corrections are used here
summaries;
1°x1° monthly
summaries
Gridded Data Sets of Observed Climate Anomalies
U.K.M.O. Hadley Centre |HadSST2 1850 — present | 5°x5° monthly Rayner et al. Yes 0.062 + 0.007 Will be superseded by
SST, v.2 (2006); Rayner HadSST2
et al. (2006)
U.K.M.O. Hadley Centre |HadSST3 1850 — 2006 5°x5° monthly [Kennedy et al. | Yes 0.059 + 0.007 Preliminary version
SST, prelim v.3 prelim (2011hc)] produced in Dec 2010
U.K.M.O. Hadley Centre | MOHMAT4. |1856 —2007? |5°5° monthly Rayner et al. Yes 0.057 +£0.008 Ends mid-2007 on
NMAT, v.4.3 3N (2003) (1891-2005) hadobs.metoffice.com

; newer version is
expected for AR5

Globally Complete Objective Analyses (Interpolated Products) of Historical SST Records

U.K.M.O. Hadley Centre |HadISST1 1870 — present | 1°x1° monthly Rayner et al. Yes 0.046 + 0.005 newer version is
Interpolated SST, v.1 (2003); expected for ARS5;
bucket uses satellite data
correction: from 1981
Folland and
Parker (1995)
JMA Centennial in-situ | COBE SST | 1891 —present | 1°x1° monthly [Ishii et al. Yes 0.050 + 0.005 uses satellite data
Observation Based (2005)]; from 1981
Estimates of variability bucket
of SST correction:
Folland and
Parker (1995)
NOAA Extended ERSSTv3b | 1854 —present | 2°x2° monthly Smith et al. Yes 0.056 + 0.006 V.3 is published but
Reconstruction of SST, (2008); n/a; v.3b is different
v.3b bucket by excluding the
correction: satellite data : only
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Smith and website info

Reynolds

(2002)

Higher Resolution Gridded Data Sets for Satellite Data Period

NOAA Optimum NCEP Ol Nov 1981 - 1°x1° monthly Reynolds et al. |N/a 0.094 +0.03 Legacy product
Interpolation SST SST, v.2 present and weekly (2002) (1982-2006)
Analysis, v.2
NOAA Optimum NCDC Daily |Sep 1981 - 0.25°%0.25° daily | Reynolds etal. |N/a Not computed To be used for ZOD
Interpolation Daily SST  |OI SST,v.2 |present (2007) yet or later versions
Analysis, v.2
U.K. NCOF Operational |OSTIA SST |[1985 —present |0.05°%0.05° daily |[Donlonetal. |N/a Not computed To be used for ZOD
SST and Sea Ice Analysis (2011)] yet or later versions
and Reanalysis
U.K. (A)TSR ARC SST 1991 — present |1 km pixels, Merchant etal. | N/a Not computed To be used for ZOD
Reprocessing for Climate 0.1°x0.1° grid (2008) yet or later versions

averages, daily
grids from day
and night specific
overflight times

Climatological Normals

NCEP Ol 1961-1990 SST | NCEP Ol 1961-1990 1°x1° monthly Smith and N/a Not applicable Used as a common

monthly climatology 61-90 SST | climatological Reynolds climatology for
monthly average (12 (1998) computing anomalies
climatology | monthly fields) in Figure 2.2.5

Although noisier than SST, marine air temperatures are physically related and provide an independent
measure of marine temperature change. Biases due to solar heating mean that night time observations
(NMAT) having been used preferentially in climate analyses; further adjustments have been applied to
account for the change in deck heights and the use of non-standard practices during World War I1. Progress
has been made on the analytical correction of solar heating biases in recent data (Berry and Kent, 2009;
Berry et al., 2004). Although the known biases in NMAT and SST are largely independent it is possible that
other biases are correlated via changes in the observational data set. Figure 2.8 illustrates that different
versions of bucket corrections shift pre-1940 global means of observational data sets (HadSST2,
HadSST3prelim) and interpolated products (HadlISST1, COBE SST, ERSSTv3b) from the ICOADS SST
values into the vicinity of the NMAT (MOHMAT4.3N).

[INSERT FIGURE 2.8 HERE]

Figure 2.8: Linear trends for 1891-2006 period in the annual means of uninterpolated gridded data sets of
marine surface temperature observations. MOHMAT4.3N trend is through 2005. See Table 2.2.1 and
references therein for data set details. Trends are computed by ordinary least squares (OLS). In white areas
computed trends were not different from zero at 5% significance level.

2.2.2.2 Interpolated SST Products and Their Trends

Gridded analyses of historical SST (interpolated data sets) depend on their “analysis” method (e.g., how
missing data are inferred and how existing data are smoothed) as well as on the underlying set of
observations, their quality control (QC) and bias correction procedures. SST analyses such as HadISST
(Rayner et al., 2003), ERSSTv3b (Smith et al., 2008) and COBE [(Ishii et al., 2005)], use statistical methods
to fill areas of missing data. At the time of writing HadISST1 remains unchanged from AR4 (will be updated
methodologically in 2011). The low-frequency analysis of ERSST has been optimised in version 3 to
reproduce long-term trends in the data with greater fidelity; its further modification resulted in the most
current version ERSSTv3b.

Linear trend estimates for three interpolated globally-complete gridded SST analyses are shown in Figure
2.9. Since the statistical interpolation reduces the effect of sampling error on the computed statistics, the
trend patterns of analyzed products (Figure 2.9) are much smoother than those of uninterpolated ones (Figure
2.8), although the overall patterns are similar.

[INSERT FIGURE 2.9 HERE]
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Figure 2.9: Linear trends for 1891-2006 period in the annual means of interpolated globally complete SST
data sets. See Table 2.2.1 and references therein for data set details. Trends are computed by OLS. In white
areas computed trends were not different from zero at 5% significance level.

HadISST1 and COBE SST resemble each other because these products are based on observational datasets
to which similar bucket correction schemes (Folland and Parker, 1995) were applied, while ERSST3b used a
different bias correction scheme (Smith and Reynolds, 2002). Differences in the overall 1891-2006 trend
patterns for interpolated data sets are driven mostly by the data differences in the first half of the trend period
(1891-1948). In the later half, 1949-2006, trend estimates are much more similar to each other (Figure
2.10), although their patterns are less uniform than those in Figure 2.9: features of multidecadal climate in
North Pacific and North Atlantic Oceans variability are much more prominent in 57-year linear trend
patterns than they are in 114-year trend patterns.

[INSERT FIGURE 2.10 HERE]

Figure 2.10: Linear trends for 1949-2006 period in the annual means of interpolated globally complete
(“analyzed”) SST data sets. See Table 2.2.1 and references therein for data set details. Trends are computed
by OLS. In white areas computed trends were not different from zero at 5% significance level.

2.2.2.2 Satellite SST Products

Since the early 1980s, satellites have been a hugely valuable resource. Satellite observations can suffer from
both intra-satellite and inter-satellite biases with spatially- or temporally-dependent patterns [(Donlon et al.,
2011) and references therein]. Corrections of these biases (e.g., in AVHRR-based SST products) usually
require some use of in situ data. Once the biases are corrected, however, an unprecedented spatial and
temporal resolution is achieved for the global SST field. The period of record now extends to 30 years for the
AVHRR data (Figure 2.5) and about half of that for other types of sensors. Moreover, accumulated satellite
data from the dual-view radiometers, ATSR-1,2 (Along-Track Scanning Radiometer), and (A)ATSR, has a
potential to provide satellite-based SST estimates with a few km footprint that are accurate and virtually
independent of in situ data. The along track scanning radiometer instruments were designed to fulfil the
needs of climate researchers [(Llewellyn-Jones et al., 2001)]. [O’Carroll et al. (2008), Corlett et al. (2006)
and Barton (2007)] showed that biases and errors from ATSR retrievals were significantly lower than those
from other satellite instruments. Such a product may allow a thorough validation of bias-correction schemes
for various kinds of in situ data (Figure 2.11).

[INSERT FIGURE 2.11 HERE]

Figure 2.11: Consistency of bias corrections to the in situ SST data with independent satellite observations:
(top) Co-located monthly, 5° area global average SST anomalies August 1991 to December 2007 (relative to
1961-1990) for the ATSR instruments (red) and HadSST2 (black, Rayner et al., 2006). D3 retrievals were
used where they were available, but between 1992 and 1996 D2 retrievals from the ATSR-1 instrument were
used. The dashed black line is an estimate of the HadSST2 time series corrected for the bias between drifting
buoys and ships. (bottom) Fractional contribution of drifting buoy observations to the global average
calculated by taking the area weighted average of the fraction of drifting buoy observations in each grid box.
The correction is shown on the right-hand axis.

2.2.3 Global Combined Surface Temperature

ARA4 considered analyses from NASA GISS, NOAA’s NCDC and the HadCRUT product. These were
concluded to be consistent within their stated uncertainties and to exhibit centennial scale warming which
had accelerated in the most recent period. All three groups have updated their analysis. These updates have
not substantially altered the conclusion that the world is warming on multi-decadal timescales and that this
warming rate has increased since the 1970s.

2.2.3.1 Advances in Combined Surface Temperature Analysis
[PLACEHOLDER FOR FIRST ORDER DRAFT: HadCRUT paragraph to describe changes hopefully will

see text of paper(s) before first order draft but not available at present time so this placeholder heads up that
a paragraph will be introduced here.]
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[PLACEHOLDER FOR FIRST ORDER DRAFT: to be updated by FOD when planned NCDC merged
product paper currently in draft is available.] The product from NOAA’s NCDC has been updated to
incorporate GHCNv.3 land data detailed in Section 2.2.1. For the marine component ERSST3b is a variant
on the documented v3 (Smith et al., 2008) which removes the satellite data from more recent decades which
was discovered to have a relative bias compared to in-situ data in certain regions. The merging of land and
SST components and infilling technique has remained unchanged with the exception that observed very high
latitude land data which had been removed in the infilling step has now been reinstated in the final fields.

Rather than undertaking a fundamentally distinct homogeneity assessment exercise NASA GISS use data
products prepared by others with some additional adjustments and a methodologically distinct station
selection, merging and averaging technique. Since AR4 they have undertaken several updates and a
published sensitivity analysis focussed primarily around their urban heat island adjustments approach
(Section 2.2.1.2) and choice of product and method for merging pre-satellite era and satellite era SSTs
(Hansen et al., 2010). Over land this analysis utilized a combination of raw GHCN data and adjusted
USHCN data. In addition Antarctic data from a separate dedicated Antarctic archive that has been quality
controlled but not adjusted were used. For SST several alternative datasets or combinations of datasets were
considered and these choices had an impact of the order 0.04K over the period of record. An improved
concatenation of pre-satellite era and satellite era products was discussed which removed a small apparent
cooling bias in recent times. It was stressed that such choices did not substantially alter conclusions
regarding the rate of warming. [PLACEHOLDER FOR FIRST ORDER DRAFT: In 2011 the land record
component was updated to include the homogenized GHCN v.3 series incorporating the USHCN v.2
adjustments technique globally.]

[PLACEHOLDER FOR FIRST ORDER DRAFT: Planned Met Office poor-mans structural uncertainty
through merging candidate sst and land products under different approaches likely to be discussed either here
or in following section in FOD assuming done on that timescale].

2.2.3.2 Synthesis of Global Surface Temperature Estimates

Global mean surface temperatures have increased since the late 19th century (Figure 2.12). Warming has not
been linear; most warming occurred in two periods — 1900-1940 and 1970 onwards. Starting in the 1980s
each decade has been warmer than all preceding decades in the record by a larger amount than can be
accounted for by recognized uncertainties in the data products (Figure 2.13). Furthermore, each year in these
decades has been warmer than the average of the preceding decade.

Differences between datasets are much smaller than both inter-annual variability and the long-term trend
(Figure 2.12). However, there are interesting decadal timescale differences. Much interest has focussed on
differences in the period since 1998 and the oft-repeated meme “has global warming stopped?’, discussed in
detail in the context of model behaviour and natural variability in Chapter 10. During this period HadCRUT3
exhibits little trend whilst the remaining products show a warming trend. Hansen et al. (2010) contend that
this relates primarily to different approaches to infill for missing data, arguing that recent warming has been
under-estimated in HadCRUT as it does not adequately account for rapid northern polar region warming.
This is corroborated by Simmons et al. (2010) in comparing HadCRUT to spatially complete ERA
reanalyses products. Subsampling to HadCRUT fields led to excellent agreement but a systematic under-
estimation vis-a-vis spatially complete sampling of ERA. This solely reflects upon how the different groups
choose to attempt to account for the issue of incomplete sampling in estimating a truly global mean rather
than on fundamental dataset quality. The HadCRUT dataset, which is the most conservative in undertaking
no interpolation but rather folds this aspect into its uncertainty estimation instead, is consistent with the
remaining datasets within its uncertainty estimates. Differences between datasets are larger in earlier periods
that have received less focus. They are particularly large prior to ¢.1945 when observational sampling is
much more incomplete.

[INSERT FIGURE 2.12 HERE]
Figure 2.12: Global mean time series at annual resolution from a straight average of the three data products,
plus offset from this differences between products. Right hand panel shows decadally averaged values.
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[INSERT FIGURE 2.13 HERE]

Figure 2.13: Decadal mean anomalies and associated uncertainties based upon Brohan et al. (2006)
uncertainty model for HadCRUT3. Anomalies are relative to a 1961-1990 climatology period. Use of NCDC
or GISS plus their uncertainties would yield grossly similar results and a similar conclusion that each of the
last three decades in turn has been significantly warmer than all preceding decades in the record.

Warming has been far from globally uniform. Early 20th century warming was dominated by Northern
Hemisphere polar and mid-latitude region warmth, whilst the more recent warming has been much more
global but again with a maximum in the extra-tropical Northern Hemisphere (Figure 2.14). High frequency
variability is greatest in polar regions with a minimum in the sub-tropics. Temperature changes in high
Southern latitudes are highly uncertain owing in part to very poor observational coverage and the
challenging physical measurement environment.

[INSERT FIGURE 2.14 HERE]
Figure 2.14: Hovmuller plot of surface anomalies from HadCRUT3 on an annual basis (left hand panel) and
decadally averaged (right hand panel). Anomalies are relative to a 1961-1990 climatology.

Since 1901 almost all of the globe has experienced warming (Figure 2.15). This warming is greater over land
than ocean in general although the SE contiguous United States, Central Africa, SE Asia, Australia and
Patagonia have exhibited little or no net warming. The only ocean region not to have exhibited warming is
the North Atlantic south of Greenland. Warming is generally greater in mid- to high-latitude regions. Over
the recent period of rapid warming again most of the globe has exhibited warming at the surface. Exceptions
are Australia, parts of SE Asia, much of the Southern Ocean and the Eastern Pacific. [PLACEHOLDER
FOR FIRST ORDER DRAFT: Text to go here on comparison of the three datasets if we go multipanel here
— see Figure comment.]

[INSERT FIGURE 2.15 HERE]
Figure 2.15: Global mean trend maps from NCDC surface record for 1901-2010 (left hand panel) and
1979-2010.

Trends in surface temperature over the recent period of warming have been far from seasonally invariant in
some regions (Figure 2.16). Particularly marked is seasonal trend variation over much of Siberia with a
cooling in winter and rapid warming in both spring and autumn. Noting the lack of significance, this may
reflect end-point effects on trend estimation given the large interannual variability in winter half year
temperatures in the region. More muted seasonal variations also exist for much of Western Canada and
Alaska with spring and summer cooling and winter warming. Trends are generally greater in winter and
spring than summer and autumn in the Northern Hemisphere whilst Southern Hemisphere trends overall are
more seasonally invariant.

[INSERT FIGURE 2.16 HERE]
Figure 2.16: Seasonality of trends from the NCDC surface temperature analysis over the period since 1979.

2.2.4  Soil Temperature
[PLACEHOLDER FOR FIRST ORDER DRAFT]
2.2.5 Upper Air Temperature Including Stratosphere

Radiosonde records extend back to the early 20th century but most analysis consider 1958 onwards.
Temperatures, measured as the balloon ascends, are reported on distinct levels. Satellites have monitored
tropospheric and lower stratospheric temperature trends since late 1978 through the Microwave Sounding
Unit (MSU) and its follow on Advanced Microwave Sounding Unit (AMSU) since 1998. These measures of
upwelling radiation represent bulk atmospheric temperature (Figure 2.2.17). The ‘“Mid-Tropospheric’ (MT)
MSU channel that most directly corresponds to the troposphere has 10-15% of its signal from both the skin
temperature of the Earth’s surface and the stratosphere. Two alternative approaches have been suggested for
removing the stratospheric component based upon differencing of view angles and statistical recombination
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with LS (Fu et al., 2004; Spencer and Christy, 1992). On the MSU satellite series in addition there was a
Stratospheric Sounding Unit (SSU) that measured at higher altitudes (Seidel, 2011).

[INSERT FIGURE 2.17 HERE]
Figure 2.17: Vertical weighting functions for satellite temperature retrievals discussed in this chapter. The
dashed line indicates the typical maximum altitude achieved in the historical radiosonde record.

Understanding of free atmosphere temperature trends has evolved substantially since inception of the IPCC
process and particularly rapidly since AR4 (Thorne, 2011b; Christy et al., 2011). Previous ARs highlighted
the presence of significant uncertainty and possibility of hitherto unidentified issues (Thorne, 2011b).
Despite this AR4 concluded that globally the troposphere was warming at a rate indistinguishable from
reported surface trends over the common period of record. Trends in the tropics were concluded to be more
uncertain although even this region was concluded to be warming. Globally, the stratosphere was concluded
to be cooling over the satellite era starting in 1979. These conclusions remain essentially unaltered despite
the advancements detailed below.

2.25.1 Advances in Radiosonde Records

For AR4 only two published estimates that had assessed homogeneity issues existed — RATPAC (Free et al.,
2005) and HadAT (Thorne et al., 2005b). Three additional estimates now exist using novel and distinct
approaches in addition to a systematic effort to understand uncertainty in the HadAT product. These
advances significantly modify understanding of the structural uncertainty (Thorne et al., 2005a). Trend
estimates from these various products over their common period of record are summarized in Figure 2.m.

[INSERT FIGURE 2.18 HERE]

Figure 2.18: Radiosonde product global temperature trend estimates from four datasets (symbols) and the
estimated structural uncertainty in the HadAT product from Thorne et al. (2011a) (Box whiskers denote
median estimator, 25-75th percentile and range) over the common period of record 1958-2003. All trend
estimates are from median of pairwise slopes technique. Global averages were created by calculating zonal
means and then weighting zonal anomalies by cos(lat). The four best estimates used are HadAT2 (A), IUK
(o), RICH (+) and RAOBCORE (9).

A group at University of Vienna have produced a suite of products: RAOBCORE / RICH. Data at the
individual observation resolution are compared to analysis increment time series from ERA-40 (Uppala et
al., 2005) using a Standard Normal Homogeneity Test variant (Haimberger, 2007) to ascertain breakpoints.
Two distinct approaches to bias adjustments yield: i) RAOBCORE which uses the analysis increment field;
and ii) RICH which uses apparently homogeneous neighbour segments. Uncertainties arising from readily
apparent non-stationarity of the analysis increment field for RAOBCORE have been addressed by several
variants and sensitivity studies (Haimberger, 2004, 2007; Haimberger et al., 2008). The RICH product has
only an indirect dependency on this field as the adjustments are neighbour based.

Sherwood and colleagues developed an iterative universal kriging approach, commonly used in geostatistics,
for radiosonde data (Sherwood, 2007) and applied this to a global network (Sherwood et al., 2008) to create
IUK. Breakpoints were derived hierarchically looking first at evidence for breaks in 00Z-12Z series, then
breaks in the series with twice daily measures, and finally those with once daily ascents. Breakpoint
detection was undertaken at the monthly timescale and, unlike all other methods, made no recourse to
metadata. The adjustment included fitting the resulting raw data at the observation resolution to a set of basis
functions that include spatial and temporal information inferred from the entire global network and
breakpoint locations plus a noise term that iterated to a best fit, minimizing the noise term. They concluded
that issues likely remained in the deep tropics even after homogenisation. Recourse to metadata and the
analog cases used in the HadAT work (Titchner et al., 2009) increased confidence in the product (Sherwood
et al., 2008).

The original HadAT algorithm (Thorne et al., 2005b) included substantial human input. Although this has
advantages, there are distinct drawbacks over reproducibility and the ability to assess fundamental
uncertainties. The group created an automated version of HadAT, pulling out a large number of non-
rigorously based methodological steps as system tunable parameters and created an ensemble (McCarthy et
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al., 2008). They then created four distinct analog worlds that shared the spatio-temporal sampling of the real-
world and, crucially, known error structures. Running the ensemble against these analogs enabled a degree of
benchmarking and a reassessment of likely real-world trends (Titchner et al., 2009). This permitted a lower
bound estimate but no upper bound. In a final analysis step, in collaboration with IUK, RATPAC, and
RAOBCORE teams more wide ranging methodological choices were examined (Thorne, 2011a). The largest
impact was varying the input data temporal resolution from seasonal averages down to pentad (5-day
average) resolution. A subset of results from this analysis that exhibited consistent behaviour across all four
analogs was used under a conditional probability framework to yield an estimate of the likely solution range.
This includes all other radiosonde datasets for global mean trends over the common period of record (Figure
2.18).

2.2.5.2 Advances in MSU Satellite Records

AR4 considered estimates produced from three groups: UAH (University of Alabama in Huntsville); RSS
(Remote Sensing Systems) and VG2 (Vinnikov and Grody). Of these only UAH and RSS products have
been updated. A new product termed STAR has been produced since ARA4.

The UAH group, aided by citizen scientists, removed an apparent seasonal cycle artefact in the latter part of
their record related to the introduction of AMSU [reference needed / J. Christy, xxxx] in version 5.3. In 2011
the climatological baseline used was changed to 1981-2010 to produce version 5.4. Both had negligible
impact on trend estimates.

Version 3.2 of the RSS product (Mears and Wentz, 2009a, 2009b) incorporated a subset of AMSU
instruments (which had been included in UAH since (Christy et al., 2003). Given the non-coincidence of the
radiance bands it was concluded an instantaneous correction is required to merge MSU and AMSU as they
sense slightly different layers. This issue is two-fold in that there will also be a systematic long-term impact
unless trends are vertically isothermal, which they are not (Mears, 2011). Using HadAT data the impact was
estimated to be no more than 5% of the trend. Several additional changes were introduced in v.3.2 with the
two most significant being accounting for latitudinal error structure dependencies, and a more physical
handling of instrument body temperature effect issues in response to Grody et al. (2004). In early 2011
version 3.3 was released which incorporated all the AMSU instruments and led to a de-emphasising of the
last MSU instrument which still after 15 years remained operational, slight trend reduction over the post-
1998 period, and a reduction in apparent noise. [PLACEHOLDER FOR FIRST ORDER DRAFT: they are
transitioning to 3.3 so some words on this will be needed for FOD once the new version is documented.
Figures use 3.3.]

RSS also produced a comprehensive model of their parametric (internal) uncertainty (Mears, 2011)
employing a Monte Carlo approach considering all processing choices that yielded non-negligible impacts at
any time or space scale allowing inter-dependencies to be fully expressed. As the processing is linear any
errors in early steps cascade through remaining steps. For large-scale trends dominant effects were
intersatellite offset determinations and, for tropospheric channels, diurnal drift. RSS diurnal drift adjustment
is driven by data from a climate model. Use of two alternative models yielded substantial sensitivity
particularly in desert regions. Uncertainties were of the order 0.1K/decade at the global mean for both
tropospheric channels and the stratospheric channel but smaller for the tropopause channel. At smaller space
and timescales sampling effects tended to dominate.

The new STAR analysis used a fundamentally distinct approach for the critical inter-satellite warm target
calibration step (Zou et al., 2006a). Satellites orbit in a pole-to-pole configuration. Near the poles they
measure several times a day, whereas in the deep tropics it is about every other day. There are normally two
satellites in operation phase separated so that they sense in local morning and afternoon in the ascending
orbital node. Over most of the globe they never intersect. The exception is the polar regions where they
quasi-regularly (typically once every 24 to 48 hours but this is orbital geometry dependent) sample in close
proximity in space (< 111 km) and time (< 100 s). The STAR technique uses these Simultaneous Nadir
Overpass (SNO) measures to characterize inter-satellite biases and the impact of instrument body
temperature effects before accounting for diurnal drift. Suitably close samples in space and time yield inter-
satellite error characteristics, although they remain two point comparisons between uncertain measures so
cannot guarantee absolute accuracy.
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Initially STAR considered solely MT (Channel 2) near-nadir measures since 1987 over the oceans (Zou et
al., 2006a). It was subsequently expanded to include more view angles and TS (Channel 3) and LS (Channel
4) and multi-channel recombinations along the Fu et al. (2004) approach to remove stratospheric impacts
(Zou et al., 2009). The consistency of recombined products was used to infer a degree of inter-channel
consistency and build confidence. In version 1.2 the product was extended to 1979 and to include land (Zou
and Wang, 2010). Additional processing to account for residual instrument body temperature effects building
upon the UAH methodology and diurnal corrections based upon RSS were employed to enable these
innovations. In version 2.0, STAR incorporated the AMSU observations inter-calibrated by the SNO method
to extend to the present [reference needed / Zou, xxxx]. STAR exhibits more warming / less cooling at all
levels than UAH and RSS. For MT and LS (Zou and Wang, 2010) conclude this does not primarily relate to
use of the SNO technique but rather differences in remaining processing.

2.2.5.3 Intercomparisons Between Various Long-Term Products

Since AR4 there have been a number of intercomparisons. Because no dataset is directly traceable to
absolute or even relative standards, and therefore there is no unimpeachable truth, such comparisons can
never absolutely determine whether residual biases exist in any single product. What they can highlight is
areas of disagreement between products and such information can potentially be used in combination with
physical understanding to elucidate issues. Interpretation is complicated as most studies considered dataset
versions that have since been superseded and it is unclear whether documented issues any longer pertain.

Several studies compared UAH and RSS products to raw / homogenized radiosonde station level data locally
or regionally. Christy and Norris (2006) concluded that UAH was more reasonable than RSS when compared
to VIZ manufactured radiosondes operated by the United States. Christy et al. (2007) drew similar
conclusions for LT using tropical radiosonde stations operated by a mixture of countries and with a mix of
instrumentation. Christy and Norris (2009) confirmed these general findings for Australian radiosonde data.
The transition from NOAA-11 to NOAA-12 was identified as the primary period when the different
comparisons consistently pointed towards an issue in RSS. Christy et al. (2007) noted that this coincided
with Pinatubo and that RSS was the only product, either surface or tropospheric, that exhibited tropical
warming immediately after the eruption when physically cooling would be expected. Christy (2010) later
expanded this analysis incorporating additional new data products again concluding that RSS exhibited
spurious warming. Randall and Herman (2008) came to similar findings independently. But these various
studies also revealed other potential issues. MSU records were most uncertain when satellite orbits are
drifting rapidly (Christy and Norris, 2006, 2009). It was cautioned that there were potential common residual
biases in the MSU records. Drifts could not be explained as residual radiosonde artefacts by the
comprehensive metadata gained for the VIZ and Australian networks.

Mears and Wentz (2009a) compared global, tropical and hemispheric RSS LT to UAH and the various
radiosonde datasets. Noting the importance of subsampling in space and time (Free and Seidel, 2005) each
comparison involved firstly spatio-temporal subsampling which increased series congruence (Mears and
Wentz, 2009a). It was concluded impossible to ascertain anything unambiguously regarding MSU
differences. Mears (2011) generalized this approach to other levels and incorporated both STAR and their
internal uncertainty estimates. These uncertainties overlapped with other datasets only in approximately half
of cases (Figure 2.2.24). It was therefore concluded that structural uncertainty was an important factor.
Mears (2011) noted that there are potentially many intercomparison performance metrics and implications
made critically depended on this choice. Specifically, UAH exhibited better trend agreement on average but
also an outlier zonal trend structure with much greater equator to pole trend gradients than any other dataset.

A pair of papers compared reanalyses to observation-based estimates (Bengtsson and Hodges, 2011; Xu and
Powell, 2010). Bengtsson and Hodges (2011) found evidence of a potential jump in RSS in 1993 over the
tropical oceans, discussed earlier. Xu and Powell (2010) used an ensemble spread approach considering all
radiosonde datasets and reanalyses, finding that the spread in reanalyses was greater than between
radiosonde products, particularly in the stratosphere. However, much of this related to inclusion of early
generation reanalyses products which had been heavily caveated for free atmosphere trend analysis [(Karl et
al., 2006)]. Modern reanalyses products were in much greater concordance.
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Several dataset papers or data-model comparisons compared trends of suites of estimates with one another
(e.g., Douglass et al., 2008b; Santer et al., 2008; Sherwood et al., 2008; Titchner et al., 2009; Thorne, 2011a;
Christy, 2010). Most have treated each observational estimate equally. Some analysis, however, have used
deductive reasoning to discard or downplay certain datasets, often based upon published intercomparisons
(Christy et al., 2011; Christy, 2010). This yields trend estimates that have one or more existing dataset
outside the quoted range; in those approaches published precluding solutions which exhibit greatest warming
rates. Whilst these products may well be implausible estimates of the single, unknown, real-world climate
trajectory it is not scientifically possible to conclude so definitively for the reasons given in the introductory
paragraph to this sub-section. Therefore in Section 2.2.5.7 no subsetting is undertaken.

2.2.5.4 GPS-RO Data and Intercomparisons with Datasets

Global Positioning System (GPS) radio occultation (RO) now represents a mature remote sensing technique
(IGCOS, 2004]; Anthes et al., 2008; Haijj et al., 2004; Ho et al., 2009c¢; [Kuo et al., 2004; NRC, 2007; WMO,
2007]). The highly stable observations can be used as global references in orbit (Baringer et al., 2010).
Currently, it represents the only self-calibrated Sl traceable raw satellite measurements ([Ohring et al.,

2007]; Baringer et al., 2010). The fundamental observation is time delay of the occulted signal’s phase
traversing the atmosphere. With a GPS receiver on board a low-Earth orbiting (LEO) satellite, the occulted
signal’s phase transmitted from GPS satellites, which are delayed and bent due to atmospheric refraction, can
be detected. The traceability of the RO data is established by subsequently correcting and resolving the
clocks of the GPS satellites and LEO satellites with a network of GPS ground receivers, whose clocks are
tied to atomic clocks.

GPS RO measurements have several attributes that make them suited for climate studies: (i) they exhibit no
satellite-to-satellite bias (Hajj et al., 2004; Ho et al., 2009c), (ii) they are of very high precision (Anthes et
al., 2008; Foelsche et al., 2009; Ho et al., 2009c), (iii) they are not affected by clouds and precipitation, and
(iv) they are insensitive to retrieval error when used to estimate inter-annual trends in the climate system (Ho
et al., 2009d). GPS-RO observations can be used to derive atmospheric temperature profiles in the upper
troposphere and lower stratosphere (UT/LS) (Hajj et al., 2004; Ho et al., 2009c¢; [Kuo et al., 2004]). With
their quality unaffected by the surrounding environment (e.g., geo-location, day and night, etc.), these data
have been used to identify systematic temperature biases for different radiosonde sensors (Kuo et al., 2005;
Sun et al., 2010; [He et al., 2009; Ho et al., 2010]). [Ho et al., (2011a)] demonstrated that upper air
temperature trends derived from radiosondes are highly dependent on sensor type.

Recently, Ho et al., (2009b; 2007; 2009c, [2011Db]) used the high-resolution CHAMP and COSMIC
temperature profiles (from about 60 m near the surface to about 1.5 km at 40 km) from 2001 to 2010 to
simulate the AMSU LS temperature and used these data to calibrate LS from various AMSU missions.
Regional trend estimates for this and the other MSU-based datasets are listed in Table 2.2. The time series
agreement varies with latitude (Figure 2.19). LS anomalies from UAH and STAR generally agree well with
those from RO calibrated AMSU.

[INSERT FIGURE 2.19 HERE]

Figure 2.19: LS anomalies of RSS, UAH, STAR, and RO_AMSU for a) the entire globe (82.5°N-82.5°S), b)
82.5°N-60°N, ¢) 60°N-20°N, d) 20°N-20°S, e) 20°S-60°S, and f) 60°S—82.5°S. The orange line indicates the
mean trend for RO_AMSU.

Table 2.2: Trends for the period 200106—-201008 of LS Tb anomalies (in K/decade) for RSS, UAH, STAR,
RO_AMSU, RSS-RO_AMSU, UAH-RO_AMSU, and STAR-RO_AMSU for the global (82.5°N-82.5° S) and five
latitudinal zones.

RSS  |UAH STAR |RO_AMSU |RSS- UAH- STAR-
RO AMSU  |RO_AMSU  |RO_AMSU
82.5°N-82.5°S |-0.88  |-0.44 -0.46  |-0.54 -0.34 0.1 0.08
60°N—-825°N |-0.65  [-0.21 022 |-0.22 -0.43 -0.01 0.0
20°N-60°N |-0.17  |-0.14 015 |-0.21 0.04 0.07 0.06
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20°N-20°S |-0.36 -0.21 -0.2 -0.37 0.01 0.16 0.17
20°S-60°S |-0.81 -0.38 -0.40 -0.48 -0.33 0.1 0.08
60°S-825°S |-3.2 -1.37 -1.53 -1.59 -1.66 0.22 0.06

2.2.5.5 Stratospheric Sounding Unit Data

The SSU instrument, carried upon the same satellites as MSU, senses temperatures at higher altitudes
although with some overlap with LS (Figure 2.20). They provide the only long-term near-global temperature
data above the lower stratosphere, sensing infra-red radiation, extending from the upper troposphere to the
lower mesosphere (Randel et al., 2009; Seidel, 2011) with the series terminating in 2006. In theory five
channels of AMSU should be able to continue this series (Kobayashi et al., 2009) but despite incipient
efforts at an AMSU only record (Mo, 2009) and plans to merge, the current long-term series ends in 2006.

The raw record has three unique additional issues to those encountered in MSU dataset construction. The
satellite carries a cell of CO, which tends to leak causing a spurious increase in observed temperatures.
Compounding this the CO, content varies among SSU instruments (Kobayashi et al., 2009). At the higher
altitudes sensed, large diurnal and semi-diurnal tides (due to absorption of solar radiation) require substantial
corrections (Brownscombe et al., 1985; [Nash and Forrester, 1986]). Finally, long-term temperature trends
derived from SSU need adjustment for increasing atmospheric CO, (Shine et al., 2008) as this affects
radiation transmission in this band.

Until recently solely one SSU dataset existed (Brownscombe et al., 1985; Scaife et al., 2000; [Nash and
Forrester, 1986; Nash and Edge, 1989]), recently updated by Randel et al. (2009). Liu and Weng (2009) have
now produced an alternative analysis for Channels 25 and 26 (but not channel 27 for which only a single
estimate remains), permitting cursory evaluation of structural uncertainty. Seidel (2011) found substantial
differences for Channel 26 (Figure 2.20); Randel et al. [(2009)] show cooling of 0.5K and Liu and Weng
[(2009)] slight warming. They noted that the incompleteness of available documentation significantly
complicates further investigation. Channel 25 was found to be in broad long-term trend agreement but with
substantial differences in behaviour in the 1980s. Trends broadly agree with MSU and radiosonde estimates
for the LS layer. Seidel (2011) also noted likely spurious vertical structure in Randel et al. with Channel 26
substantially departing from a weighted mean of Channels 25 and 27 noting that a very distinctive vertical
structure would be required to explain this (Figure 2.20).

[INSERT FIGURE 2.20 HERE]

Figure 2.20: Global temperature anomaly time series from SSU data from the three SSU channels, as
analysed by Randel et al. (2009) and, for Channels 25 and 26, as analysed by Liu and Weng (2009), and
differences between them for Channels 25 and 26. Symbols indicate major volcanic eruptions in 1982 (El
Chichon) and 1991 (Pinatubo). Reproduced from Seidel (2011).

2.2.5.6 Indirect Estimates from Changes in Atmospheric Winds

Atmospheric circulation is driven by thermal gradients. Any change in horizontal temperature gradients
should be accompanied by a shift in winds, although this potentially breaks down in the deep tropics where
the Coriolis effect diminishes to zero. Radiosonde wind records are far less obviously afflicted by time
varying biases than their temperature records (Gruber and Haimberger, 2008; Sherwood et al., 2008). Allen
and Sherwood (2007) first investigated applicability of using these winds to infer relative temperature
gradients to the Tropical West Pacific warm pool region. They then extended to a global analysis (Allen and
Sherwood, 2008) which implied a distinct tropical upper tropospheric maximum, but with large uncertainty.
This uncertainty largely arose because winds can only tell about relative change and require an anchor point
such as the HadAT trends at 62.5N utilized (Allen and Sherwood, 2008). The large uncertainty range was
predominantly driven by uncertainty that arises through this choice of anchor point, a finding later confirmed
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by Christy (2010), who in addition queried the stability of such an approach given the sparse geographical
sampling, particularly in the tropics, and possible systematic wind speed bias sampling effects amongst other
potential issues.

2.2.5.7 Synthesis of Free Atmosphere Temperature Estimates

Global-mean lower tropospheric temperatures have increased since the mid-20th century with each decade
warmer than all preceding decades in the record (Figure 2.21). Structural uncertainties are larger than for
surface datasets over the common period of record (c.f. Figure 2.21) but insufficient to preclude a conclusion
that globally the troposphere has warmed. Uncertainty relates to the rate rather than sign of long-term
changes, at least at the global — and tropical (not shown) — mean. On top of this long-term trend is super-
imposed interannual and multiannual variability. These variations are highly correlated with those at the
surface (c.f. Figure 2.2) but of slightly greater amplitude.

[INSERT FIGURE 2.21 HERE]

Figure 2.21: Global average lower tropospheric temperature anomaly time series for the mean of all
included radiosonde datasets and offset therefrom the differences from this composite for each dataset (left
hand panel). Decadal mean global anomalies for each dataset (right hand panel). All time series have been
anomalized to a common 1989-1998 reference period.

Global mean lower stratospheric temperatures have decreased since the mid-20th century punctuated by
short-lived warming events associated with explosive volcanic activity (Figure 2.22). Each decade has been
cooler than all preceding decades. Uncertainties are larger still than for the troposphere but these
uncertainties again impact understanding of rate but not sign of long-term changes. Cooling rates are greater
from radiosonde datasets than MSU products. This likely relates to widely recognized cooling biases in
radiosondes [(Mears et al., 2006)] which several dataset producers explicitly caveat likely remain in their
products (Thorne, 2011a; Haimberger et al., 2008; Sherwood et al., 2008). Stratospheric temperature
behaviour is far from linear and since the mid-1990s little net change has occurred.

[INSERT FIGURE 2.22 HERE]

Figure 2.22: Global average lower stratospheric temperature anomaly time series for the mean of all
included radiosonde datasets and offset there from the differences from this composite for each dataset (left
hand panel). Decadal mean global anomalies for each dataset (right hand panel). All time series have been
anomalized to a common 1989-1998 reference period.

Tropospheric warming has not been zonally uniform (Figure 2.23). Warming has been largest in the
Northern Hemisphere extra-tropical troposphere with a second, smaller maximum in Southern Hemisphere
mid-latitudes. Interannual variability is greatest in tropical and Northern Hemisphere polar latitudes. Tropical
interannual variability is dominated by variations in ENSO which it lags by 3-6 months (Christy and
McNider, 1994), readily apparent from the peak in 1998 following the very strong 1997/1998 ENSO event.
LT and MT channels exhibit very similar temporal behaviour. Stratospheric temperature trends and
variability are also far from zonally uniform. The quasi-biennial oscillation signature is apparent in the
tropics. Large variations in polar regions are a reflection of variations in the strength of the wintertime vortex
in each hemisphere. The two volcanic eruptions (1982 and 1991) yield quasi-global warming for a period of
approximately 18 months. Cooling has been greatest in the tropics and mid-latitude Southern Hemisphere.
Given the large variability in high latitudes, trends there are very uncertain. The shorter period of record
available for TS that straddles the troposphere and stratosphere exhibits elements of both tropospheric and
stratospheric behavior.

[INSERT FIGURE 2.23 HERE]
Figure 2.23: Latitude-time variations in temperature anomalies from v.3.3 of the RSS product (Mears and
Wentz, 2009a, 2009b) for estimates from the lower troposphere (bottom) to the lower stratosphere (top).

Zonal analyses hide interesting geographical trend variability (Figure 2.24). Over the satellite era the
spatially incomplete HadCRUT3 surface record (Brohan et al., 2006) exhibits greater warming over land
than oceans globally with substantial geographic trend structure and much of the sampled area exhibiting a
cooling trend. In comparison tropospheric channels exhibit much smoother geographic trends with warming

Do Not Cite, Quote or Distribute 2-19 Total pages: 155



O~NOOTPR WDN -

Zero Order Draft Chapter 2 IPCC WGI Fifth Assessment Report

in most locations north of approximately 45°S. Warming is larger for LT than MT, and LT shows more
geographical structure reflecting greater sampling of both skin temperature and the boundary layer. Both
tropospheric channels exhibit greatest warming in high Northern latitudes. The lower stratosphere is cooling
almost everywhere but this cooling also exhibits substantial structure. Cooling is greatest in the highest
southern latitudes and smallest in high northern latitudes, with some slight warming over the Northern
Pacific Arctic sector. There is also some slight warming apparent in the Southern Ocean at similar
longitudes.

[INSERT FIGURE 2.24 HERE]

Figure 2.24: Trend maps from the surface (HadCRUT3, Brohan et al., 2006) and four atmospheric layers
from MSU/AMSU (RSS v. 3.3, Mears and Wentz, 2009a, 2009b) over the period 1979-2009 (except for TS
which is 1987-2009).

As discussed in section 2.2.5.3 fair trend comparisons between geographically complete satellite estimates
and spatio-temporally incomplete radiosonde estimates requires sub-sampling in space and time to ensure a
like-for-like comparison. For both global and regional trends, including the tropics, the sign of tropospheric /
stratospheric trends is beyond any reasonable doubt — the troposphere is consistently estimated to be
warming and the stratosphere is consistently estimated to be cooling (Figure 2.25). Despite this sign
agreement there is a substantial spread in the estimated magnitude of trends. The effect of sampling with
different radiosonde dataset data availability masks upon the MSU products is as large as for many between
radiosonde dataset estimates and often of similar sign and magnitude implying that at least some of the
between radiosonde dataset variability is driven by sampling differences alone. For satellite estimates STAR
consistently exhibits least cooling / greatest warming and UAH greatest cooling / least warming. RSS
internal uncertainty estimates only include remaining estimates much less than 95% of the time reflecting
that in many cases differences arise from fundamental methodological assumptions and the importance of
characterizing structural uncertainty through the construction of multiple independently produced
algorithms. As discussed previously, many radiosonde products are likely to retain an artificial cooling bias
at height.

[INSERT FIGURE 2.25 HERE]

Figure 2.25: Trend estimates for MSU datasets sampled as the radiosonde datasets in space and time (hence
multiple estimates for each MSU product) and the radiosonde datasets for a quasi-global average excluding
the highest latitude and three sub-domains. For the RSS product internal uncertainty estimates as given in
Mears (2011) are shown as whiskers (2 standard deviations). RATPAC RW is for a subsampled set of
RATPAC following Randel and Wu (2006) who found potential issues for a number of RATPAC records in
the stratosphere.

2.2.6 Summary of Temperature Trends
[PLACEHOLDER FOR FIRST ORDER DRAFT: Soil paragraph if soil is retained.]

Based upon several independently analyzed global and regional land surface temperature data products, of
substantial heritage in many cases, it can be concluded with high confidence that it is virtually certain that
global land surface temperatures have warmed since the late 19th century and that this warming has been
particularly rapid since the 1970s. Since AR4 substantial efforts have been undertaken to identify and adjust
for data issues and begin to benchmark their performance in a rigorous manner.

Several studies undertaken since AR4 show with high confidence that it is likely that urban heat-islands and
land-use changes have not raised the centennial global near-surface temperature trends by more than 10% of
the observed trend. Contributions are not globally uniform. They are likely to underlie about a quarter of the
observed warming trends in recent decades in limited regions such as China but have little overall impact
elsewhere.

[Inclusion of DTR to be considered.]

It can be concluded with very high confidence that it is virtually certain that global average sea surface
temperatures have increased since the beginning of the 20th century. Since AR4, digital archives of marine
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data have been expanded and improvements to metadata have led to better understanding of data biases.
Warming is seen in datasets based on a wide variety of analysis techniques and is corroborated by
independent records of marine temperature.

Globally averaged near-surface temperatures, as estimated by several independent analyses since the late
nineteenth century, are consistent in exhibiting multi-decadal warming of approximately 0.8K. Super-
imposed upon this is high frequency variability so the warming is not monotonic and trends at decadal or
shorter timescales tend to be dominated by such effects. The multi-decadal warming rate has accelerated in
recent decades. The redundancy in measurement and analysis techniques, maturity of the field, and multiple
published sensitivity studies and uncertainty estimates means that although there is an inevitable degree of
uncertainty in the precise magnitude the reality of a long-term global-mean near-surface warming since the
late 19th century that has accelerated in recent decades is unequivocal.

Based upon multiple independent analyses from weather balloons and satellites it can be concluded with
very high confidence that it is virtually certain that globally the troposphere has warmed since the mid-20th
century. The rate of change is less certain than the sign. It is also very likely that the tropical troposphere is
warming. Confidence in the rate of change and its vertical structure is lower for the tropics. Through
construction of several additional innovative datasets, detailed intercomparisons, and a greater elucidation of
uncertainties in a subset of pre-existing datasets the likely magnitude of uncertainty in these trends has
become much more apparent since AR4. Confidence is somewhat lower prior to 1979 when only weather
balloon data exists.

Four independent observing technologies consistently indicate stratospheric cooling since the mid-twentieth
century, punctuated by episodic volcanic warming in the low- to mid- stratosphere. Whilst it is virtually
certain that the stratosphere has cooled the rate and nature of the cooling as well as its vertical structure is
less certain. Cooling of the lower stratosphere is consistently estimated to have levelled off in the past
decade. Confidence is low in temperature changes in the mid- and upper stratosphere where only one
observing technology exists and datasets from this are both substantially less mature and poorly documented.
Confidence is also low before 1979 when estimates rely solely upon weather balloons and exist solely for the
lower stratosphere.

[START FAQ 2.1 HERE]
FAQ 2.1: How do We Know the World is Warming?

The clearest and best known indication that global climate is changing is the rise in global average surface
temperatures. The world warmed between 1900 and 1940, there followed a period of some thirty years
during which temperatures changed little, or declined slightly. Then, from around the mid-1970s there was a
second period of warming that brought the net increase in global temperature to around 0.76°C. The IPCC
AR4 concluded that this “warming of the climate system is unequivocal”.

Although popular discussion tends to centre on temperature records made at weather stations over the land,
these represent only one single, albeit important, line of evidence. The different elements of the climate
system are strongly interlinked and though they have been considered separately, the broader evidence for a
warming world comes from bringing together a wide range of physically consistent measurements (FAQ 2.1,
Figure 1) that have been analyzed and reanalyzed many times in many different ways by very many people.

[INSERT FAQ 2.1, FIGURE 1 HERE]

FAQ 2.1, Figure 1: Schematic of those climate elements that have been measured quasi-globally and on
multi-decadal timescales that would be expected to change if the world were indeed warming; and the
direction in which they would be expected to change.

The best known of the global average temperature data sets — GISS, NCDC and HadCRUT3 — are based
on air temperatures measured by weather stations over the land and on measurements of sea-surface
temperature over the oceans. The underlying archives of land and ocean temperatures are completely
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independent, but the changes in temperature recorded in them follow one another closely. The rise in sea-
surface temperature is slower because it requires more energy to heat the sea than it does the land.

Although sea-surface temperature is most often used to measure temperature change over the oceans, air
temperatures taken by ships are also recorded in marine archives. Physically, one would expect that marine
air temperatures would be closely linked to the changes in the sea-surface and this is borne out by a number
of independent analyses.

The observed warming is not confined to the surface. Measurements made by weather balloons and satellites
show that the temperature of the troposphere — the active weather layer of the atmosphere — has increased.
The warming also penetrates into the deeper ocean. More than 80% of the energy absorbed by the climate
system since the 1960s has been stored in the oceans. This can be seen in estimates of ocean heat content for
which global records exist going back to the 1950s. As the oceans warm, the water itself expands. The
expansion can be seen in records of rising sea-levels that extend back more than a century.

A warmer world is also a wetter one as warmer air will hold a greater quantity of water. Globally, specific
humidity, which measures the amount of moisture in the atmosphere, has also increased over both the land
and the oceans.

The icy parts of the planet — known collectively as the cryosphere — affect, and are affected by, local
changes in temperature. The mass of water stored in mountain glaciers globally has fallen year on year for
the past 20 years. The lost mass contributes to the observed rise in sea-level. Snow cover is sensitive to
changes in temperature particularly during the spring when the snow starts to melt. Spring snow cover has
fallen across the Northern Hemisphere since the 1950s. The Arctic has warmed at twice the rate of the rest of
the world. Surface observations in this region are sparse, but losses in sea-ice in the Arctic Ocean measured
by satellites — particularly at the time of the summer minimum in extent — and reductions in the area of
frozen land are consistent with the observed increase in temperature. In the Southern Ocean that surrounds
Antarctica, temperatures have not increased significantly. This is consistent with the slight increase in sea-ice
extent seen in the Southern Hemisphere.

Individually, any single analysis might be unconvincing, but for all of these different indicators and data sets
many research groups have come to the same conclusion. From the deep oceans to the edge of the
atmosphere, the evidence of warmer airs and oceans, of melting ice and rising seas, all points undeniably to
one thing: the world has warmed (FAQ 2.1, Figure 2).

[INSERT FAQ 2.1, FIGURE 2 HERE]

FAQ 2.1, Figure 2: Multiple redundant indicators of a changing global climate. Each line represents an
independently derived estimate of change in the climate element. All publically available, documented,
datasets known to the authors have been used in their latest version with no further screening criteria applied.
Further details are given in Baringer et al. (2010).

[END FAQ 2.1 HERE]

2.3 Changes in Hydrological Cycle

Changes in the hydrological cycle are less easily measured than changes in temperature, however they
potentially have large and long-lasting effects on the climate system. Changes in atmospheric water vapour
impact both the energy balance, as water vapour is one of the most abundant greenhouse gases, and the
hydrologic cycle. Long-term measurements of precipitation are available only for land areas and thus do not
provide true global coverage. Satellite estimates of precipitation do provide global coverage since they
include both ocean and land areas, but are only available since about 1979. This section covers the main
aspects of the hydrologic cycle including large-scale average precipitation, steam flow and runoff, soil
moisture and drought, atmospheric water vapour, and clouds. A more detailed discussion of issues with
measurements of precipitation, and climate impacts of the hydrological cycle including aerosols and the
energy balance and other impacts are contained in Section 3.3 of the AR4 (Trenberth et al., 2007) and are not
repeated here.
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2.3.1 Large Scale Changes in Precipitation
[PLACEHOLDER FOR FIRST ORDER DRAFT]
2.3.1.1 Global Land Areas

Figure 2.26 shows the century-scale variations and trends on globally averaged annual precipitation using the
GHCN data set updated through 2010 (Vose et al., 1992). Also plotted are the smoothed time series from a
number of other data sets including the Global Precipitation Climatology Project (GPCP, Adler et al., 2003;
[Smith et al., 2010]). The CRU data set (Brohan et al., 2006) has not been updated since the AR4 and is not
included here. One new global data set for monthly total precipitation is a reconstructed data set by [Smith et
al. (2010)]. This is a statistical reconstruction using Empirical Orthogonal Functions, similar to the NOAA
global temperature product (Smith et al., 2008; [Vose et al., 2011]) that does provide coverage for most of
the global surface area from 1900-2008. The reconstruction merges several analyses. Monthly
reconstructions that interpolate using large-scale spatial covariance information and gauge data were found
to be representative of most interannual variations. Over land such reconstructions are also representative of
multi-decadal variations. However, because there are no gauges over the oceans to anchor those analyses,
their oceanic multi-decadal signal was found to be less stable. An annual reconstruction using correlations
between precipitation and combined sea-level pressure and sea-surface temperature was found to be more
stable for analysis of multi-decadal variations. The merged reconstruction combines these two by combining
the oceanic multi-decadal signal from the correlation-based analysis with the gauge-based analysis.

As discussed above, the land based GHCN, GPCC and Smith data sets provide the longer term perspective,
and the satellite-based data sets provide true global coverage, including over the oceans. However, for Figure
2.26, only land areas are included. Both the GHCN and GPCC V5 data sets show a century-scale increase in
global precipitation averaged over land areas, with most of the increase occurring in the early to mid 20th
century. The land-only time series from the Smith data set is also shown on Figure 2.26, and suggests that
when virtually all the land area is filled in using this reconstruction method, the resulting time series shows
little change in land-based precipitation since 1900.

[The trends for the various land-only precipitation time series will be shown in Table 2.3.]

[INSERT FIGURE 2.26 HERE]

Figure 2.26: Globally averaged annual precipitation over land areas from GHCN (green bars) with respect to
the 1981-2000 base period. Smoothed curves (see Appendix 3.A from Trenberth et al., 2007) for GHCN and
other global precipitation data sets as listed.

[INSERT TABLE 2.3 HERE]
Table 2.3: [PLACEHOLDER FOR FIRST ORDER DRAFT]

2.3.1.2 Spatial Variability of Observed Trends

Figure 2.27 shows the spatial variability of long-term trends (%/century, 1901-2010) and more recent trends
(1979-2010) in annual precipitation. The trends, only over land, are computed using the GHCN data set and
interpolated to a 5° x 5° latitude/longitude grid. Increases for the longer period are seen in the mid- and
higher-latitudes of both the Northern and Southern hemispheres, although compared to the same figures in
the AR4 (Trenberth et al., 2007) there are many fewer statistically significant trends at the grid box level.
The decrease in annual precipitation in the Sahel region of Africa continues to be a significant decline,
however, over North America there a now no statistically significant grid box values.

[INSERT FIGURE 2.27 HERE]

Figure 2.27: Linear trend, in % per century for annual precipitation from the GHCN data set for 1901-2010
(top) and 1979-2010 (bottom). Grid boxes with statistically significant trends at the 95% level are indicated
by +.
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The same holds true for the shorter period map (1979-2010) with many fewer statistically significant trends.
The Sahel region for this period continues to show a shorter term increase, although not as strong as in the
AR4. Other regions that show a shift in sign between the longer term trends and shorter term include the
western US, parts of southern South America, southern Africa, northeastern Africa and Spain, and Iceland.

2.3.1.2 Precipitation in the Satellite Era

Precipitation and associated hydrological cycle variations during 1979-2008 have been examined by
comparing the effects of ENSO and two large tropical volcanic eruptions (EI Chichén, March 1982; Mt.
Pinatubo, June 1991) and compared to the trends during the period associated with global warming. The
analysis is carried out primarily using global, satellite-based data sets, including that from the Global
Precipitation Climatology Project (GPCP; Adler et al., 2003; [Huffman et al., 2009]). Techniques are applied
to the satellite data sets to separate out the ENSO, volcano and long-term (trend or inter-decadal) changes
using independent indices (Gu et al., 2007; [Gu and Adler, 2011]). Figure 2.28 summarizes the results at the
global scale. In the left panel of the diagram the global surface temperature increases significantly, with only
a slight decrease in the rate of warming over the 30-year period when the inter-annual signal is removed.
There is a significant increase of global surface temperature during EI Nifios, for example 1983 and 1998,
with a perturbation magnitude of about 0.2C, and similar decreases during La Nifias. These variations have
the same sign over both ocean and land. For precipitation the global response to ENSO is muted, with
amplitudes of 2%/C as compared to about 7%/C (Clausius-Clapyron relation, Trenberth et al., 2003) for
water vapour. This relatively small global precipitation response is related to the opposite-sign responses
over land and ocean related to the positioning of ENSO temperature anomalies in the central-eastern Pacific
Ocean.

[INSERT FIGURE 2.28 HERE]

Figure 2.28: a) and d) are time series of global mean temperature and precipitation anomalies during 1979-
2008, respectively. b) and e) are their corresponding ENSO and volcanic effects. ¢) and f) are time series of
global mean temperature and precipitation anomalies with ENSO and volcanic effects removed. Also shown
in a), ¢), d) and f) are estimated linear trends during the time period.

The global temperature and precipitation response to the two volcano events can also be seen in the figure,
with decreases in both variables. This signal is derived using a stratospheric aerosol index as an independent
parameter after removing the ENSO signal. The volcano-related temperature signal is comparable in
magnitude to that of ENSO, with decreases occurring over both land and ocean. Associated precipitation
decreases occur (also over both land and ocean) with a global decrease up to about 3%, or about 4%/C. The
global trends in temperature and precipitation over the same period show a near zero trend in precipitation to
go along with increasing temperatures. These characteristics are similar to those associated with ENSO inter-
annual variations and both indicate the effect of energy constraints on these variations.

The trends or linear changes over the past 30 years are not uniform over the globe (Figure 2.29), with
positive temperature changes concentrated in the high latitudes of the northern hemisphere, whereas trends in
precipitation are focused in the tropics, where increases are located over parts of the ITCZ and the SPCZ
over the Pacific Ocean and in the Indian and Atlantic Oceans, with a marked decrease over the Equator in the
Pacific, between the ITCZ and SPCZ mean annual positions ([Adler et al., 2008]). Overall the tropics have
an increase over 5-15 N, with compensating decreases over northern hemisphere middle latitudes.

[INSERT FIGURE 2.29 HERE]
Figure 2.29: Linear changes of annual-mean a) surface temperature and b) precipitation during 1979-2008.

The differences between ENSO and volcanic effects can be further characterized by examining various lag
responses of precipitation, temperature and tropospheric water vapour to these two phenomena [(Gu and
Adler, 2011)]. The ENSO responses of oceanic precipitation and sea surface temperature (SST) have the
same time lags (two months for the Tropics). Tropical and global mean tropospheric water vapour over both
land and ocean generally follows surface temperature variations, resulting in a closely coupled relation
among precipitation, surface temperature and tropospheric water vapour during ENSO. Land precipitation
responds to ENSO much faster than temperature, indicating a relatively slower temperature adjustment
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process over land following ENSO-related circulation and precipitation anomalies. ENSO is also shown to
be ineffective in affecting the tropical and global mean mid-lower tropospheric atmospheric (dry) static
stability. For volcanic eruptions, tropical and global mean precipitation over either ocean or land responds
faster than (surface and atmospheric) temperature and tropospheric water vapour over the same areas. This
faster precipitation response indicates the lack of the water vapour associated feedback during the early stage
of volcanic eruptions as compared to ENSO. The volcanic-related precipitation variations are mostly related
to the changes in the mid-lower tropospheric atmospheric static instability and the microphysical properties
of precipitating clouds caused by volcanic aerosols.

2.3.2 Streamflow and Runoff

The recent widespread drying trend and the effect of surface warming are qualitatively consistent with the
observed decreases in streamflow over many low and midlatitude river basins (Dai et al., 2009). The PDSI
trends are broadly comparable with those in the soil moisture simulated by another land surface model
(Sheffield and Wood, 2008b). The results are also consistent with the model-predicted 21st century climate,
which shows severe drought conditions by the middle of this century over most low and midlatitude land
areas (Wang, 2005; Sheffield and Wood, 2008a; [Dai, 2010]). Thus, it is very likely that recent warming has
caused widespread drying over land, and this drying may become more severe in the coming decades [(Dai,
2010)].

Streamflow records for world’s major rivers show large decadal to multi-decadal variations, with small
trends for most rivers (Cluis and Laberge, 2001; Lammers et al., 2001; Pekarova et al., 2003; [Mauget,
2003]; Milliman et al., 2008; Dai et al., 2009; Xu et al., 2010). Increased streamflow during the later half of
the 20th century has been reported over regions with increased precipitation, such as many parts of the
United States ([Lins and Slack, 1999]; Groisman et al., 2004) and southeastern South America [(Genta et al.,
1998)]. Decreased streamflow was reported over many Canadian river basins during the last 30-50 years
(Zhang et al., 2001) where precipitation has decreased during the period. Because large dams and reservoirs
were built along many of world's major rivers during the last 100 years and they can dramatically change the
seasonal flow rates (e.g., by increasing winter low flow and reducing spring/summer peak flow; Cowell and
Stoudt, 2002; Ye et al., 2003; Yang et al., 2004), trends in seasonal streamflow rates (e. g., Lammers et al.,
2001) should be interpreted cautiously. Nevertheless, there is evidence that the rapid warming since the
1970s has caused an earlier onset of spring that induces earlier snowmelt and associated peak streamflow in
the western United States (Cayan et al., 2001) and New England, USA (Hodgkins et al., 2003) and earlier
breakup of river-ice in Russian Arctic rivers [(Smith, 2000)] and many Canadian rivers (Zhang et al., 2001).

River discharge is unique among water cycle components in that it both spatially and temporally integrates
surplus waters upstream within a catchment (Shiklomanov et al., 2010), which makes it well suited for in-
situ monitoring [(Fekete et al., 2011)]. Due to its integrated nature, relatively few discharge gauges placed
near the mouth of large watersheds can capture a large portion of the continental river fluxes to oceans
(Fekete et al., 2002). Dai et al. (2009) assembled a data set of 925 most downstream stations on the largest
rivers monitoring 80 % of the global ocean draining land areas and capturing 73 % of the continental runoff.
Dai et al. (2009) found that only about one-third of the top 200 rivers (including the Congo, Mississippi,
Yenisey, Parana, Ganges, Columbia, Uruguay, and Niger) show statistically significant trends during 1948—
2004, with the rivers having downward trends (45) outhumbering those with upward trends (19). The
interannual variations [(Figure 4)] are correlated with the El Nifio—Southern Oscillation (ENSO) events for
discharge into the Atlantic, Pacific, Indian, and global ocean as a whole. For ocean basins other than the
Acrctic, and for the global ocean as a whole, the discharge data show small or downward trends, which are
statistically significant for the Pacific (-9.4 km® yr"). Precipitation is a major driver for the discharge trends
and large interannual-to-decadal variations. For the Arctic drainage areas, upward trends in streamflow are
not accompanied by increasing precipitation, especially over Siberia, based on available data, although
recent surface warming and associated downward trends in snow cover and soil ice content, as well as
changes in evaporation, over the northern high latitudes may have contributed to increased runoff in these
regions (Adam and Lettenmaier, 2008). The most recent and most comprehensive analyses (Milliman et al.,
2008; Dai et al., 2009) do not support the previous notion (Labat et al., 2004) that there have been an
increasing trend in global runoff associated with global warming during the 20th century, based on which
many attribution studies (e.g., Gedney et al., 2006) have been carried out.
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2.3.3  Soil Moisture and Drought Indices

Historical records from in-situ measurements of soil moisture content are available only for limited regions
in Eurasia and the U.S., and they often are short in length (10-30 years) ([Robock et al., 2000]; Li et al.,
2005; [Nie et al., 2008]; [Zhang et al., 2008]; Zuo and Zhang, 2009). A rare, 45-year record of soil moisture
over Ukraine agricultural lands show little change over the last three decades (Robock et al., 2005). Because
of this, other proxy data of soil moisture, such as the Palmer Drought Severity Index (PDSI) derived from
observed precipitation, temperature and other surface data (e.g., [Dai et al., 2004; Dai, 2010, 2011; van der
Schrier et al., 2006a,2006b, 2007, 2010]; Zou et al., 2005; Zhai et al., 2010), have been used to study
changes and variations in surface moisture conditions.

[Consider par from section 2.7]

In general, the PDSI is significantly correlated (r = 0.4 ~ 0.8) with available monthly soil moisture data over
Eurasia and North America, and with observed yearly streamflow over most of the larger river basins (r = 0.4
~0.9) [(Dai, 2011)]. The soil moisture simulated by land surface models forced with observed precipitation,
temperature and other atmospheric forcing can generally capture most of the observed seasonal and year-to-
year variations of soil moisture (e.g., Qian et al., 2006), but they often contain large mean biases and the
long-term changes may be contaminated by spurious changes in the forcing data. Nevertheless, these model-
simulated soil moisture data, which often cover a whole continent or the global land and extends back to
1950 or 1900, have been increasingly used to document spatial and temporal variations and long-term
changes in soil moisture and drought (e.g., Nijssen et al., 2001; Maurer et al., 2002; Andreadis and
Lettenmaier, 2006; Sheffield and Wood, 2007; Sheffield and Wood, 2008b).

A recent review by [Dai (2010)] summarizes the main findings on aridity changes since around 1950 and the
underlying factors, including the contribution of global warming. [Figure 1] compares the trend patterns
since around 1950 (as data for earlier years are sparse and less reliable) in observed annual precipitation,
streamflow, the calculated PDSI and soil moisture. The use of the Penman-Monteith evapotranspiration
(PE_pm), instead of the Thornthwaite evapotranspiration (PE_th) as in the original PDSI (e.g., Dai et al.,
2004), as well as the self-calibration of the PDSI (Wells et al., 2004), only slightly reduces the long-term
PDSI trends [(van der Schrier et al., 2010; Dai 2010, 2011)] because of PDSI’s low sensitivity to
evapotranspiration (PE). This resolves an earlier suspicion (Trenberth et al., 2007; Hobbins et al., 2008) that
the PDSI might overestimate the drying from global warming due to its use of the Thornthwaite PE.

2.3.4 Evapotranspiration Including Pan Evaporation

Direct measurements of evapotranspiration over global land areas are scarce. Evaporation fields from the
ERA-40 and NRA are not considered reliable because they are not well constrained by precipitation and
radiation (Betts et al., 2003). Numerous gridded datasets have been developed that estimate actual
evapotranspiration from either atmospheric forcing and thermal remote sensing, sometimes in combination
with direct measurements (e.g., from FLUXNET, a global network of flux towers), or interpolation of
FLUXNET data using regression techniques, providing an unprecedented look on global evapotranspiration
[(Muller et al., 2011)].

Most gridded datasets cover only a limited time period, while pan evaporation records can span decades.
These records provide valuable information on trends in the drying power of the atmosphere, but the link
between pan evaporation and actual evapotranspiration from the pan environment is ambiguous. The AR4
reported on widespread decreasing trends in observed pan evaporation, but such decreasing trends can
indicate either an increase or decrease in actual evapotranspiration depending on the combined effect of
changes in radiation, vapour pressure deficit, temperature, and wind speed in a region (Roderick et al., 2007;
Fu et al., 2009a; [van Heerwaarden et al., 2010]).

Different processes can control regional evapotranspiration trends depending on whether evapotranspiration
is limited by water or energy. Measurements of actual evapotranspiration from FLUXNET reveal a large
North-South gradient over Europe in their response to interannual variations in available energy and
precipitation (Teuling et al., 2009). Thus, the recent increase in incoming shortwave radiation in regions with
decreasing aerosol concentrations (Wild et al., 2005) can explain positive evapotranspiration trends only in
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the humid part of Europe. A continuous decrease in reference and pan evaporation for the period 1960-2000
was reported by Xu et al. (2006a) for a humid region in China, consistent with reported continuous increase
in aerosol levels over China (Qian et al., 2006). In (semi-)arid regions, trends in evapotranspiration largely
follow trends in precipitation (Jung et al., 2010). Trends in surface winds (Vautard et al., 2010) and CO, also
alter the partitioning of available energy into evapotranspiration and sensible heat. While surface wind trends
largely explain pan evaporation trends over Australia (Roderick et al., 2007; Rayner, 2007), their impact on
actual evapotranspiration is likely limited due to the compensating effect of boundary-layer feedbacks [(van
Heerwaarden et al., 2010)]. In vegetated regions where a large part of evapotranspiration comes from
transpiration through plants’ stomata, rising CO, concentrations lead to reduced stomatal opening and
evapotranspiration ([Idso and Brazel, 1984]; Leakey et al., 2006). Additional regional effects that impact
evapotranspiration trends are lengthening of the growing season and land use change.

On a global scale, evapotranspiration increased from the early 1980s up to the late 1990s (Wild et al., 2008;
[Wang et al., 2010]; Jung et al., 2010) at a rate of 0.6 W m—2 per decade for the period 1982-2002 [(Wang et
al., 2010)]. After 1998, an increase in moisture limitation in the Southern Hemisphere has acted as a
constraint to further increase of global evapotranspiration (Jung et al., 2010).

2.3.5 Surface Humidity

Surface water vapour is routinely measured synoptically both over land and ocean with some records dating
back to the 1800s. However, it has received far less attention than temperature and precipitation. This is
largely because additional complexities associated with its monitoring have made quality assurance difficult
and partly because it has been considered of lesser importance to society. Water vapour is the most prolific
and therefore one of the most significant of the greenhouse gases thereby affecting the radiation budget. Its
properties of evaporation, condensation and consequent latent heating make it fundamental to the Earth
energy budget and hydrological cycle. Absolute humidity governs precipitation amounts in intense rainfall
events, when most of the water may be rained out of an air parcel. Furthermore, it has significant
implications for both human, livestock and crop health where high humidity restricts the cooling
mechanisms of the body and may also promote some pests and diseases.

ARA4 reported widespread increases in surface air moisture content, alongside near-constant relative humidity
over large scales though with some significant changes specific to region, time of day or season. However,
this was mostly based on regional studies mainly without homogeneity testing or adjustment: detection and
removal/adjustment of biases is essential for any surface air moisture dataset to be considered robust. Most
of the conclusions of AR4 still stand, but since AR4 there have been advances in our knowledge and
understanding of surface humidity through observations, reanalyses and models.

In good agreement with previous analyses from Dai (2006), Willett et al. (2008) show widespread increasing
specific humidity across the globe from the homogenised gridded monthly mean anomaly product
HadCRUH. There are some small isolated but coherent areas of drying over the more arid regions (Figure
2.30a). The globally averaged moistening trend from 1973-2003 is 0.07 g kg™ decade™, with very high
confidence and comparable with Dai (2006)’s 0.06 g kg™ decade™ for 1976-2004. Moistening is largest in
the Tropics (Table 2.4) and summer hemisphere over both land and ocean. There remains large uncertainty
over the southern hemisphere where data are sparse. Global specific humidity is sensitive to large scale
phenomena such as ENSO (Figure 2.30b-¢) and strongly correlated with surface temperature — land only
averages over the 23 [Giorgi and Francisco (2000)] regions for the period 1973-2003 show mostly increases
at or above Clausius-Clapeyron scaling (about 7% K™) with very high confidence (Willett et al., 2010).

There is good agreement with ERA reanalyses over land, where ERA-interim shows improvement over
ERA-40 as a surface humidity monitoring product for large scale averages (Simmons et al., 2010) (Figure
2.30b, c). Notably, the extended series from ERA-interim shows a flattening of the global land specific
humidity series since 2000. While HadCRUH concluded negligible change in surface RH over land in 1973-
2003, the more up to date 1989-2008 record from ERA-interim reveals a reduction in RH since 2000,
compatible with the plateau in specific humidity. A ‘quick-look’ extension of HadCRUH to 2007 supports
this (Simmons et al., 2010) (Figure 2.30c). This may be linked to the recent divergence of warming between
land and oceans (Joshi et al., 2008).
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There have been advances in marine humidity analysis since AR4. The specific humidity series of (Berry
and Kent, 2009; [Berry and Kent, 2009a]) include uncertainty estimates and adjustments for ship height and
data from screens, which are often poorly ventilated, as opposed to handheld psychrometers. The specific
humidity and relative humidity dataset HadCRUH (Willett et al., 2008) excludes data failing neighbour
consistency checks. Both show good agreement with Dai (2006) (Figure 2.30d, e, Table 2.4). All originate
from various releases of the ICOADS database. However, whereas Berry and Kent and Dai use only data
from Voluntary Observing Ships, Willett et al. use all data from ships, buoys and marine platforms and shift
to operationally telecommunicated data made available by NOAA NCEP from 1998-2003. The marine
specific humidity, like that over land, shows widespread increases, that correlate strongly with sea surface
temperature. However, there is a marked decline in marine relative humidity around 1982 (Figure 2.30e).
This is reported in both Willett et al. (2008) and [Berry (2009)] where its origin, respectively, is variously
concluded to be a non-climatic data issue and a response to the shift to a very positive North Atlantic
Oscillation at that time.

To conclude, absolute moistening has been widespread across the globe since the 1970s, with very high
confidence. However, over recent years this has abated over land, coincident with greater warming over land
relative to the oceans [cross-section reference needed]. This has resulted in fairly widespread decreases in
relative humidity over land. Whether this is part of a longer term trend or merely a short lived feature
remains to be seen.

Table 2.4: Summary of global surface humidity datasets and large scale trends.

[«5) (3] [«5) [«5)
[«5) (3] [«5) [«5)
Dataset, Reference, source data, period of _ g = » g =S _ g = . g =
record and regional delimitations 8 | 2 S | 2| 8 | 2| g |2
o £ E o 5 E ) £ E S S E
i = o @ -_— o O = o Q
O 2T = nh T [©) 2T = h T
Specific Humidity Relative Humidity
(g kg decade™) (% decade™)
LAND
Dai (2006)
NCAR DS464.0 GTS weather station reports
December 1975 to April 2005 --- --- 0.05 |012 | --- -0.12

Globe (60 °S-75 °N), N. Hem (0-75 °N), S.
Hem (60-0°S)

HadCRUH, Willett et al. (2008)

NCDC ISD weather station reports
January 1973 to December 2003 011 |0.12 |0.16 |001 |-0.03 |0.07 |-0.10 |-0.34
Globe (60 °S-60 °N), N. Hem (20-60 °N),
Tropics (20 °S-20 °N), S. Hem (60-20 °S)
OCEAN

Dai (2006)

NCAR DS464.0 GTS marine ship reports and
ICOADS data -0.16 | -0.11 | --- -0.22
December 1975 to May 2005

(boundaries — as above)

HadCRUH, Willett et al. (2008)

ICOADS v2.1 marine ship, buoy and platform
data

January 1973 to December 1997, NCEP GTS
marine data January 1998 to December 2003
(boundaries - as above)

Berry & Kent (20094, b)

ICOADS v2.4 marine ship data

0.07 |008 |010 |0.01 |-0.10 |-0.10 |-0.11 |-0.11

1970 to 2006 0.13 | —
Atlantic Trends only 40 °S-70 °N

LAND & OCEAN COMBINED

Dai (2006) |006 [008 |[-- [002 [-009 [-002 [-- |-0.20
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(as above combined)
December 1975 to May 2005
(boundaries - as above)

HadCRUH, Willett et al. (2008)
(as above combined)

January 1973 to December 2003 0.07 | 008 |010 |0.02 |-0.06 |0.00 |-0.10 |-0.10

(boundaries - as above)

[INSERT FIGURE 2.30 HERE]

Figure 2.30: Trends and variability in surface humidity. a) Decadal trends in surface specific humidity in g
kg™ per decade from HadCRUH over 1973-2003. b) Globally averaged monthly mean anomaly time series
of land surface specific humidity. c) Globally averaged monthly mean anomaly time series of land surface
relative humidity. d) Globally averaged monthly mean anomaly time series of marine surface specific
humidity. e) Globally averaged monthly mean anomaly time series of marine surface relative humidity. Time
series show data from HadCRUH (solid thick black), HadCRUHext (solid thick grey), Dai (dotted red), ERA
40 (long dashed light blue), ERA interim (dot dashed royal blue) and Berry and Kent (solid thick orange).

2.3.6  Tropospheric Humidity

Tropospheric water vapour plays an important role in regulating the energy balance of the surface and top-
of-atmosphere, and is essential to the formation of clouds and precipitation.

2.3.6.1 Radiosonde

Radiosonde humidity data for the troposphere were used sparingly in AR4, noting a renewed appreciation for
biases with the operational radiosonde data that had been highlighted by several major field campaigns and
intercomparisons. Since the AR4 there have been three distinct efforts to homogenize the tropospheric
humidity records from operational radiosonde measurements (Durre et al., 2009; McCarthy et al., 2009; [Dai
etal., 2011]) (Table 2.5). All agree that there are significant issues with the raw data that preclude its use for
climate analysis. Each study takes a unique methodological approach to data selection and homogenization.
Over the common period of record from 1973 onwards, the resulting estimates are in substantive agreement
regarding specific humidity trends at the largest geographical scales. All remove an artificial temporal trend
towards drying in the raw data and indicate a positive trend in free tropospheric specific humidity over the
period of record. In each analysis, the rate of increase is concluded to be grossly consistent with the increase
in equilibrium vapour pressure from the Clausius-Clapeyron relation (about 7% per Kelvin increase in
temperature). There is no evidence for a significant change in tropospheric relative humidity. McCarthy et al.
(2009) show close agreement between their radiosonde product at the lowest levels and independent surface
relative humidity data (Willett et al., 2008) both in low frequency and high frequency behavior.

Table 2.5: Methodologically distinct aspects of the three approaches to homogenizing tropospheric humidity records
from radiosondes.

Dataset Region Time Resolution ~ Neighbours  First Statistical Automated Variables
Considered and Reporting guess test homogenized
Levels
Durreetal.  Northern Monthly, Pair-wise No SNHT Yes PW (inferred from
Hemisphere mandatory and homogeni- T, P and DPD)
significant levels to zation
500hPa
McCarthy et Northern Monthly, All Yes KS-test Yes T,9,RH
al. Hemisphere mandatory levels to neighbour
300hPa average,
iterative
Dai et al. Globe Observation None Yes KS-test Yes DPD
resolution, and PMF
mandatory levels to test
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100hPa

2.3.6.2 GPS

Since the early 1990s, estimates of column integrated water vapour have been obtained from ground-based
Global Position System (GPS) receivers. An international network started with about 100 stations in 1997
and has currently been expanded to over 400 (primarily land-based) stations. Several studies have complied
long-term GPS water vapour datasets for climate studies (Jin et al., 2007; Wang et al., 2007; Wang and
Zhang, 2008; Wang and Zhang, 2009). Using such data, Mears (2011) demonstrated general agreement of
the interannual anomalies between ocean-based SSM/I and land-based GPS column integrated water vapor
data. The interannual water vapour anomalies are closely tied to the atmospheric temperature changes in a
manner consistent with that expected from the Clausius-Clapeyron relation. Jin et al. (2007) found an
average column integrated water vapour trend of about 2 mm per decade during 1994-2006 for 150
(primarily land-based) stations over the globe, with positive trends at most of Northern Hemispheric stations
and negative trends in the Southern Hemisphere. However, given the short length (about 10 years) of the
GPS PW records, the estimated trends are sensitive to the start and end years and the analyzed time period,
and thus they should not be interpreted as long-term trends.

2.3.6.3 Satellite

The AR4 reported positive decadal trends in lower and upper tropospheric water vapour based upon satellite
observations. Since AR4, there has been continued strong evidence for widespread increases in lower
tropospheric water vapour from microwave satellite measurements of column integrated water vapour
(Santer et al., 2007; Wentz et al., 2007) and globally from satellite measurements of spectrally-resolved
reflected solar radiation (Mieruch et al., 2008). Consistent with surface and radiosonde measurements, the
rate of moistening at large spatial scales is close to that expected from the Clausius Clapeyron relation with
invariant relative humidity.

Upper tropospheric relative humidity (UTH) in the tropics is strongly related to the convective activity and
SST of the wet regimes [(Huang et al., 2010)]. Interannual co-variation in temperature and upper
tropospheric water vapour have been diagnosed from spectrally-resolved infrared satellite data (Gettelman
and Fu, 2008; Dessler et al., 2008) and inferred from increases in broadband clear-sky outgoing longwave
radiation (OLR) satellite data (Chung et al., 2010b) and are consistent with invariant RH at large spatial
scales. On decadal time-scales, increased greenhouse gas concentrations reduce clear-sky OLR (Allan, 2009;
Chung and Soden, 2010), thereby influencing inferred relationships between moisture and temperature.
Using Meteosat infrared radiances, Brogniez et al. (2009) demonstrated that interannual variations in free
tropospheric humidity over subtropical dry regions are heavily influenced by lateral mixing between the deep
tropics and the extra tropics. Regionally, UTH changes in the tropics were shown to relate strongly to the
movement of the ITCZ based upon microwave satellite data (Xavier et al., 2010). While microwave satellite
measurements have become increasingly relied upon for studies of UTH, the absence of a homogenized data
set across multiple satellite platforms presents some difficulty in documenting coherent trends from these
records [(John et al., 2011)].

Using NCEP reanalyses for the period 1973-2007, [Paltridge et al., (2008)] found negative trends in specific
humidity above 850 mb over both the tropics and southern midlatitudes, and above 600 mb in the northern
midlatitudes. However, as noted in AR4, reanalysis products suffer from time dependent biases and have
been shown to simulate unrealistic trends and variability over the ocean (John et al., 2009; Mears et al.,
2007). As a result, different reanalysis products yield opposing trends in free tropospheric specific humidity
(Chen et al., 2008). Furthermore, the main source of observations for reanalyses, radiosondes (Section
2.3.6.1) and infrared satellite measurements (Soden et al., 2005), indicate positive trends in tropospheric
specific humidity. Consequently, reanalysis products are still considered to be unsuitable for the analysis of
water vapour trends [(Sherwood et al., 2009)].

To summarize, observations of tropospheric water vapour indicate positive trends at large spatial scales
occurring at a rate that is generally consistent with the Clausius-Clapeyron relation and the observed increase
in atmospheric temperature. Significant trends in tropospheric relative humidity at large spatial scales have
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not been observed. It is [very/highly likely] that tropospheric specific humidity has increased since the
1970s.

2.3.7  Stratospheric Humidity

Variations in stratospheric water vapour are important for the radiative balance of the stratosphere, and can
also be a significant radiative forcing for surface climate (Solomon et al., 2010a). Based on a few limited
long-term data sets, the AR4 concluded that there was significant long-term variability and an apparent
upward trend in stratospheric water vapour over the last half of the 20th century. These changes were not
well understood and were not linked to known climate change.

New information available since AR4 includes continuing characterization of measurement uncertainties
(Vomel et al., 2007a; Vomel et al., 2007b; Weinstock et al., 2009), improved understanding of regional
variability from balloon and aircraft observations (Schiller et al., 2009; Fujiwara et al., 2010), and longer
time series to evaluate variability and trends. These data sets include frost point hygrometer balloon
measurements made at Boulder, Colorado since 1980 [(Hurst et al., 2011)] and global high vertical
resolution satellite observations from HALOE (1992-2005) and recently extended using Aura MLS (2004—
2010) (Read et al., 2007; Rosenlof and Reid, 2008; [Randel, 2010]). Interannual anomalies in this almost 20-
year record include effects linked to the stratospheric quasi-biennial oscillation (QBO), plus a step-like drop
after 2001 (noted in AR4), along with more recent increases. The net changes over 1992-2010 show a water
vapour decrease of about 0.2 ppmv (about -5%) in the lower stratosphere. These interannual water vapour
variations for the satellite record are closely linked to observed changes in tropical tropopause temperatures
(Fueglistaler and Haynes, 2005; Randel et al., 2006; Rosenlof and Reid, 2008; [Randel, 2010]), providing
reasonable understanding of observed changes.

The longer record of Boulder balloon measurements (1980-2010) has been updated and revised (Scherer et
al., 2008; Hurst, 2011), showing decadal-scale variability and long-term increases of up to 1 ppmv for 1980-
2010. Significant differences in trends between the Boulder data and satellite observations for the period of
overlap are not well understood. Only a small fraction of the Boulder changes are attributable to observed
methane trends (Rohs et al., 2006), and there is not good agreement with long-term tropical tropopause
temperature trends, so that there is currently poor understanding of the long-term increases inferred from the
Boulder data. Observations of water isotopes suggest stratospheric water vapour trends are not linked to ice
transported in overshooting deep convection (Notholt et al., 2010).

In summary, observations demonstrate that stratospheric water vapour is closely linked to the coldest tropical
tropopause temperatures, and there is good understanding of the tropical seasonal cycle and local, short-term
variability. There are limited data sets for evaluating long-term variability and trends in stratospheric water
vapour. Global satellite data for 1992-2010 highlight a net decrease of 0.2 ppmv over this period, primarily
related to a step-like decrease after 2001, with some increases in recent years. These observed variations are
closely linked to interannual changes in tropical tropopause temperatures, although mechanisms for the
tropopause changes themselves are not well understood. Long-term balloon observations from Boulder,
Colorado suggest increases for 1980-2010 (up to 1 ppmv), however such trends are far from linear.
Moreover, the balloon observations show significant differences from satellite observations for the overlap
period, and cannot currently be explained by tropical tropopause temperatures or methane oxidation.

2.3.8 Clouds

Clouds are important regulators of solar and infrared radiation and can provide potentially-important
feedbacks on changes in surface temperature.

2.3.8.1 Surface Observations

The ARA4 reported that surface-observed total cloud cover may have increased over many land areas since the
middle of the 20th century, including the USA, the former USSR, Western Europe, midlatitude Canada, and
Australia. A few regions exhibited decreases, including China and central Europe. Trends were less globally
consistent since the early 1970s, and regional reductions in cloud cover were reported for western Asia and
Europe but increases over the USA.
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Work done since the AR4 has largely confirmed and extended the preceding research. In agreement with
prior results, [Milewska (2006)] reported a significant increase in the frequency of mostly cloudy conditions
at most stations in Canada from 1953 to 2002. Wibig (2008) found that total cloud cover over Poland
decreased during 1971-2000, with stratiform cloud types becoming less frequent and convective cloud types
becoming more frequent. Xia (2010b) reported that total cloud cover declined over most of China since 1954
but then levelled off or slightly increased from the 1990s to 2005. Clear-sky frequency increased over China
during the 1971-1996 time period (Endo and Yasunari, 2006). Duan and Wu (2006) documented a diurnal
mean reduction in total cloud cover and a night time enhancement of low-level cloud cover over Tibet during
1961-2003, and they attributed part of the observed local warming to these cloud trends. Warren et al.
(2007) noted that the cloud cover decrease previously documented for China extended into neighbouring
countries as well and was primarily attributable to a decrease in higher-level clouds.

Some new developments for surface-observed cloud cover over land since the AR4 include the report of a
large decrease in total cloud cover between 1971 and 1996 over South America (Warren et al., 2007).
Warren et al. also found small decreases in total cloud cover over Eurasia and Africa and no trend for North
America during 1971-1996. In general, low- and mid-level convective cloud types increased, stratiform
cloud types decreased, and cirrus cloud cover declined over all continents (Warren et al., 2007).

Warren et al. (2007) found no evidence that interannual anomalies in cloud cover were related to anomalies
in smoke aerosol in land regions of biomass burning. They did find a positive correlation between cloud base
and surface temperature at middle latitudes. This result is consistent with the finding of Sun et al. (2007),
who reported that surface temperature and the ceiling height of clouds with bases below 3.6 km increased
between the 1950s and 1990s over most of the USA.

The AR4 documented decreasing trends in upper-level cloud cover over mid- and low-latitude oceans
between 1952 and 1997. These appeared generally consistent with satellite observations of upper-level cloud
during the period of overlap. In contrast, surface observers reported increasing trends in low-level cloud
cover and total cloud cover between 1952 and 1997 whereas satellites reported decreasing trends in these
guantities since 1983. The reasons for this discrepancy have not yet been resolved. Updates to the surface
ocean cloud record since the AR4 indicate that the positive trends in low-level and total cloud cover during
the second half of the 20th century changed sign around 2000, and both quantities decreased until the end of
the record in 2008 [(Eastman et al., 2010)]. The cause of the trend reversal is unknown. Further evidence that
global decadal variations in surface-observed low-level and total cloud cover are spurious is the finding that
interannual anomalies in ship observations of cloud cover agree with nearby island observations of cloud
cover only after the removal of globally coherent long-term variations from the ship data [(Eastman et al.,
2010)].

Regional variability in surface-observed cloudiness over the ocean appeared more credible than zonal and
global mean variations in the AR4. Multidecadal changes in upper-level cloud cover and total cloud cover
over particular areas of the tropical Indo-Pacific Ocean were consistent with island precipitation records and
SST variability. This has been extended more recently by Deser et al. (2010a), who found that an eastward
shift in tropical convection and total cloud cover from the western to central equatorial Pacific occurred over
the 20th century and attributed it to a long-term weakening of the Walker circulation. [Eastman et al. (2010)]
report that, after the removal of apparently spurious globally coherent variability, cloud cover decreased in
all subtropical stratocumulus regions from 1954 to 2008.

2.3.8.2 Satellite Observations

Satellite cloud observations offer the advantage of much better spatial and temporal coverage compared to
surface observations. However they require careful efforts to identify and correct for temporal discontinuities
in the data sets associated with orbital drift, sensor degradation, and inter-satellite calibration differences.

The AR4 noted that there were substantial uncertainties in decadal trends of cloud cover in all data sets
available at the time and concluded that there was no clear consensus regarding the decadal changes in total
cloud cover. Since AR4 there has been continued effort to assess the quality of and develop improvements to
multi-decadal cloud products from operational satellite platforms (Evan et al., 2007; O'Dell et al., 2008;
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Heidinger and Pavolonis, 2009). New cloud climatologies have also recently become available from
improved sensors on the Earth Observation System (EOS) adding to our knowledge of the distribution and
characterization of cloud properties (Ackerman et al., 2008; [Di Girolamo et al., 2010]).

There are two primary satellite data sets which offer multi-decadal records of cloud cover: the International
Satellite Cloud Climatology Project (ISCCP; [Rossow and Schiffer, 1999]) and the Pathfinder Atmospheres
Extended dataset (PATMOS-x; Jacobowitz et al., 2003) both of which begin in the early 1980s. As reported
in AR4, there are discrepancies in global cloud cover trends between ISCCP and other data products. Most
notable is the large downward trend of global cloudiness in ISCCP since the late 1980s, which is inconsistent
with PATMOS-x and surface observations [(Foster et al., 2010)]. Recent work has confirmed the conclusion
of AR4, that much of the downward trend is spurious and an artefact of changes in satellite viewing
geometry [(Evan et al., 2010)]. Cermak et al. (2010) has further documented inconsistencies in the spatial
patterns of cloud cover trends between PATMOS-x and ISCCP. However, comparisons of PATMOS-x data
with new satellite cloud observations from EOS available since 2000 suggest better agreement on interannual
anomalies of global cloud cover [(Foster et al., 2010)]. Satellite observations of low level marine clouds
suggest no long term trends in cloud liquid water path or optical properties (O'Dell et al., 2008; Rausch et al.,
2010).

Using surface and satellite data, Clement et al. (2009) documented multidecadal variations in total cloud
cover and low-level cloud cover over the northeast subtropical Pacific that were consistent with SST and
SLP variations associated with the Pacific Decadal Oscillation. Their analysis applied an adjustment to the
ISCCP data to correct for artefacts which result from changes in viewing angle geometry (Evan et al., 2007)
and other inhomogeneities (Loeb et al., 2007). They found that reductions in low cloud were associated with
an increase in SST and symptomatic of positive cloud shortwave radiative feedback.

The responses of water vapour and cloud inferred from the top of atmosphere radiation were noted to be
time-scale dependent (Harries and Futyan, 2006) and highly sensitive to the time-periods and regions chosen
for analysis (Murphy, 2010; Lindzen and Choi, 2009; Spencer and Braswell, 2010; Chung et al., 2010b;
Trenberth et al., 2010). Using recently updated radiation data from the CERES satellite, Dessler (2010)
found evidence for a weak interannual global relationship between cloud impacts on net top-of-atmosphere
radiation and surface temperature, primarily explained by a positive cloud longwave radiative feedback.

To summarize, while there is consistency in trends of cloud cover between independent data sets in certain
regions, substantial ambiguity remains in the observations of global-scale cloud variability and trends. What
trends do exist are likely to be within the range of uncertainties for both satellite and observational cloud data
sets.

[INSERT FIGURE 2.31 HERE]
Figure 2.31: Global Anomalies in Water VVapour (from State of Climate Report).

[INSERT FIGURE 2.32 HERE]
Figure 2.32: Global Anomalies in Cloud Cover (from State of Climate Report).

2.4  Atmospheric Composition
[PLACEHOLDER FOR FIRST ORDER DRAFT]
2.4.1 Long-Lived Greenhouse Gases

In this section we update observations (see Table 2.6) of the abundances of long-lived greenhouse gases
(LLGHG) that have significant radiative forcing since the IPCC WGI Fourth Assessment Report (AR4;
IPCC, 2007a). The abundances reported here are used to calculate radiative forcing, which total about 2.8 W
m, in Chapter 8. These observations are also used to constrain the budgets of LLGHGs. A global GHG
budget consists of the total atmospheric burden, total global rate of production or emission (i.e., sources),
and the total global rate of destruction or removal (i.e., sinks). Precise, accurate systematic observations from
globally distributed measurement networks are used to estimate global means for LLGHGs, and these allow
estimates of the global burden. The observed rate of increase (trend) results from the imbalance between
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emissions and sinks. When the trend is zero, emissions and sinks are equal, the burden is at steady state, and
the atmospheric lifetime is equal to the global burden divided by the global rate of emission or of removal.
Emissions are predominantly from surface sources, which are described in Chapter 6. Direct use of
observations of LLGHGs to model their regional budgets can also play an important role in emissions
verification (Nisbet and Weiss, 2010).

Methods to estimate GHG emissions are described as “bottom-up” and *“top-down”. Bottom-up methods are
inventory-based and rely on estimates of emission factors and activities (e.g., CH, emissions per cow
multiplies by the number of cows). Top-down methods use observations of atmospheric GHG trends and
spatial gradients with a chemical transport model to estimate emissions over various spatial scales.

LLGHGs are removed from the atmosphere by physical, chemical and biological processes. The concept of
lifetime is relatively straightforward when the sink processes result in the destruction of the LLGHG, but for
processes involving exchange between the atmosphere and other reservoirs the concept is more complicated.
Atmospheric CO, exchanges on comparatively short time scales with the terrestrial biosphere and with the
upper layers of the oceans, but more slowly with the deep oceans, which are isolated from atmospheric
exchange (see Chapter 6) and play a major role in the long-term uptake of CO, emitted by fossil fuel
combustion. For most other LLGHGs, the major sinks are photolysis and/or reaction with the hydroxyl
radical (OH). OH concentrations depend, in turn, on the abundances of CH,4, VOCs, CO, NOx, H,0, and flux
of solar UV radiation in the troposphere (IPCC, 2001). As a result, the impacts of LLGHGs on climate
strongly depend on atmospheric chemistry.

Systematic time series of atmospheric measurements of LLGHGs in ambient air began at various times
during the last six decades, with earlier atmospheric histories being reconstructed from measurements of air
trapped in polar ice cores or in firn. Measurements of LLGHGs are reported as dry-air mole fractions, an S
unit that is conserved with changes in temperature and pressure. This eliminates dilution effects from
variable amounts of H,O vapour, which range up to 4% of the total atmospheric composition. Here we use
the following abbreviations: ppm = umol mol™; ppb = nmol mol™; and ppt = pmol mol™.

Table 2.6: Comparison of globally annually averaged dry air mole fractions for LLGHGs from three measurement
networks with those reported in AR4 (2005). Units are ppt (parts per trillion) except where noted (ppm = parts per
million; ppb = parts per billion). [Note: Prior to publication of AR5, values for 2009 will be updated to 2010 or 2011,
and uncertainties will be added.]

IPCC U]¢]] AGAGE NOAA MEAN Std Dev

Chemical species Formula 2005 2009 2009 2009 2009 2009
Carbon dioxide CO, (ppm) 379 386.27 386.27 N/A
Methane CHy (ppb) 1774 1787.6 1792.31  1793.93 1791.28 3.29
Nitrous oxide N,O (ppb) 319 32227 3225 322.4064  0.19
Sulphur

hexafluoride SF¢ 5.6 6.7 6.76 6.73 0.04
Perfluoromethane  CF, 74 77.66 77.66 N/A
Perfluoroethane C,F¢ 2.9 4.01 4.01 N/A
HFC-125 CHF,CF; 3.7 7.09 7.3 7.20 0.15
HFC-134a CH,FCF; 35 51.7 52.71 52.4 52.28 0.52
HFC-152a CH3CHF, 3.9 6.03 5.9 5.96 0.09
HFC-23 CHF; 18 22.57 22.6 22.59 0.02
CFC-11 CFCl; 251 242.1 241.47 243.2 242.25 0.87
CFC-12 CF,Cl, 538 530.1 535.16 532.5 532.58 2.53
CFC-113 CF,CICFCI, 79 76.4 75.86 75.9 76.04 0.31
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HCFC-22 CHF,CI 169 196 199.18 198.4 197.86 1.66
HCFC-141b CH;CFCl, 18 19.4 19.9 19.8 19.70 0.27
HCFC-142b CH;CF.ClI 15 19.1 19.95 19.4 19.48 0.43
Carbon
tetrachloride CCl, 93 90.4 87.1 89.4 88.97 1.69
Methyl
chloroform CH,CCl; 19 9.4 8.88 9.1 9.13 0.26
Notes:

AGAGE = Advanced global atmospheric gases experiment

NOAA = National Oceanic and Atmospheric Administration, Earth System Research Laboratory, Global Monitoring
Division

UCI = University of California, Irvine, Department of Chemistry

2.4.1.1 Kyoto Protocol Gases (CO,, CH4, N,O, HFCs, PFCs, and SFs)
[PLACEHOLDER FOR FIRST ORDER DRAFT]

2.4.1.1.1 Carbon dioxide (CO,)

Although atmospheric CO, contributes only 20% of total GHG radiative forcing, and non-CO, GHGs supply
an additional 5%, together they sustain the terrestrial greenhouse effect, with water vapour (50%) and clouds
(25%) providing the remaining 75% of the effect as fast feedbacks (Lacis et al., 2010). An increasing
atmospheric burden of CO, also affects the ocean food chain through acidification.

Precise, accurate systematic measurements of atmospheric CO, were begun by C. D. Keeling in 1957, and
estimates of CO, atmospheric abundance prior to that date have since been reconstructed from measurements
of air extracted from ice cores and from firn. The pre-industrial (1750) globally averaged abundance of
atmospheric CO, was 278 ppm, and, in 1860, it was 286 ppm (Etheridge et al., 1996). The following
discussion is based on the NOAA CO, trends web page
(ftp://ftp.cmdl.noaa.gov/ccg/co2/trends/co2_annmean_gl.txt). In 2009, globally averaged CO, was 386.27 +
0.10 ppm, and the increase in 2009 was 1.62 + 0.14 ppm. Since the AR4 (2005), CO, has increased by 7.5
ppm (see Figure 2.33). From 1980 to 2009, the average rate of increase in globally averaged CO, has been
1.64 +0.28 ppm yr''. The CO, growth rate varies significantly from year to year; since 1980, the range in
annual increase is 0.67 £ 0.14 ppm in 1992 to 2.90 £ 0.14 ppm in 1998. Most of this interannual variability
in growth rate is driven by small changes in the balance between photosynthesis and respiration on land,
each having global fluxes of about 100 Pg C yr™.

The main contributors to increasing atmospheric CO, abundance are fossil fuel combustion and land use
change. During the past few decades, most of the increasing atmospheric burden of CO, is from fossil fuel
combustion. This is known from multiple lines of observational evidence (Tans, 2009). The current rate of
increase in atmospheric CO, is exceptional when compared to changes on geological time scales as assessed
from measurements of air trapped in ice cores. Measurements of atmospheric CO, at Mauna Loa, Hawaii and
South Pole show that the north to south difference is increasing, consistent with increasing CO, emissions
from fossil fuel combustion, predominantly in the northern hemisphere. Strong evidence also comes from
measurements of other tracers such as **C in CO,, which is decreasing as a result of adding CO, with no “c
from fossil fuel combustion, **C in CO,, which shows that the added CO; is of organic origin, and
measurements of a decrease in O,/N,, which is also consistent with O, consumption by fossil fuel
combustion after correction for land biosphere changes and ocean outgassing (IPCC, 2001).

Approximately half the CO, emitted from fossil fuel combustion and cement production from 1751 to 2007
(337 Pg C; +5 to 10%) (Boden et al., 2010) has been taken up by the ocean and terrestrial biosphere. Several
recent studies have suggested that the airborne fraction (AF), that is the fraction of CO, emitted from
anthropogenic activities (fossil fuel combustion, cement production, and land use change) that remains in the
atmosphere, has been increasing (Canadell et al., 2007; Le Quere et al., 2009; Raupach et al., 2008). This
would mean the oceans and terrestrial biosphere are becoming less effective as sinks for anthropogenic CO..
However, Gloor et al. (2010) show that likely omissions in reported emissions from land use change and
external forcing events (e.g., volcanic eruptions) are sufficient to explain the observed long-term trend in
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airborne fraction, while Knorr (2009) found that the trend in the AF since 1850 has been 0.7 + 1.4% per
decade, i.e., not significantly different from zero.

2.4.1.1.2 Methane (CH,)

Globally averaged CH, in 1750 was about 715 ppb, and by 1860, it had increased to about 815 ppb
(Etheridge et al., 1998). Evidence suggests that human influences on the global CH, budget began much
earlier than the industrial era (Ferretti et al., 2005; Ruddiman, 2003, 2007). By 2009, globally averaged CH,
at Earth’s surface was 1793.9 £+ 1.4 ppb (see Figure 2.34). This makes methane the second most abundant
LLGHG, and it is the second largest contributor to radiative forcing among LLGHGs. Since AR4, which
reported values for 2005, the globally averaged abundance of CH, has increased by 19.3 ppb. This increase
began in 2007 after a period of near constant atmospheric burden from 1999 to 2006 (Dlugokencky et al.,
2009; Rigby et al., 2008). This increase was also observed in CH4 column averages retrieved from
irradiances measured by the satellite sensor SCIAMACHY on board ENVISAT (Frankenberg, 2011). Causes
for the increase in atmospheric CH, since 2007 are unclear.

Rigby et al. (2008) used CH,4 data from the CSIRO and AGAGE networks, and estimates of [OH] based on
AGAGE measurements of 1,1,1-trichloroethane to assess causes of the increase. They concluded that an
increase in emissions was necessary to explain the CH,4 observations. The magnitude and distribution of the
emissions change depended on assumptions about changes in [OH]. Assuming inter-annually repeating [OH]
required a substantial increase in emissions from both hemispheres in 2007 compared to 2006. If an [OH]
decrease of 4 + 14% determined from the 1,1,1-trichloroethane measurements was used, then a smaller
increase in emissions, predominantly in the northern hemisphere, was required. Changes in [OH] of more
than a few percent are unlikely based on our understanding of atmospheric chemistry and the analysis of
Montzka et al. (2011).

Dlugokencky et al. (2009) analyzed surface and vertical profiles of CH, mole fraction and measurements of
3C in CH,. They suggested that the most likely drivers of increased atmospheric CH, were anomalously
high temperatures in the Arctic in 2007 and greater than average precipitation in the tropics during 2007 and
2008. These drivers increased emissions from wetlands in both regions, where CH, production is strongly
influenced by water table height and temperature. They also suggested that contributions to the increased
CH, from biomass burning and changes in [OH] were small.

Bousquet et al. (2011) used observations from multiple independent measurement programs to assess
changes in emissions and sinks during 2006—2008 and found that global CH, emissions increased by 19 Tg
CH, (16 to 21 Tg) in 2007 and 13 Tg CH, in 2008 (6 to 20 Tg) relative to the average of emissions for 1999-
2006. Changes in tropical wetland emissions were the dominant driver in 2007, with a minor contribution
from Arctic wetlands. For 2008, the two inversions were not consistent. Neither suggested a strong increase
in emissions from wetlands in the tropics nor the Arctic. They found that changes in [OH] were less than 1%,
and had only a small impact on observed CH,4 changes.

The atmospheric CH, budget is very nearly in balance. Observed increases in CH, abundance are the result
of small differences between emissions and sinks, both of which are currently on the order of 550 Tg CH, yr
! So small relative changes in emissions from any large source can result in significant changes to methane’s
rate of increase. The Arctic holds extensive stores of carbon in permafrost and clathrates; both reservoirs are
sensitive to changing climate and could provide strong positive feedbacks to temperature as climate warms.
Near-zero growth in atmospheric CH, in the Arctic during 2008 suggests that we have not yet activated those
feedbacks, but even small increases in natural emissions there as the Arctic responds to changing climate
would cause the atmospheric CH, burden to begin increasing again.

2.4.1.1.3 Nitrous oxide (N,O)

Globally averaged N,O in 2009 was 322.5 ppb, an increase of 3.5 ppb over the value reported for 2005 in
AR4 (see Figure 2.35). This is an increase of 19% over the value estimated for 1750 from ice cores of 270 +
7 ppb. Measurements of N,O and its isotopic composition in firn air suggest the increase, at least since the
early 1950s, is dominated by emissions from soils (Ishijima et al., 2007). Since systematic measurements
began in the late 1970s, N,O has increased at an average rate of about 0.8 ppb yr™ (see Figure 2.35); this,
combined with a decreasing atmospheric burden of CFC-12 makes it the third most important LLGHG
contributing to radiative forcing. NO produced by reaction of O(*D) with N,O also depletes stratospheric Os.

Do Not Cite, Quote or Distribute 2-36 Total pages: 155



O©Co~NooThk,wWwN P

Zero Order Draft Chapter 2 IPCC WGI Fifth Assessment Report

Its emissions weighted by ozone depletion potential (ODP) now dominate emissions of all Oz depleting
substances (Ravishankara et al., 2009).

Approximately 70% of N,O emissions are from natural sources with the remainder, mostly from use of
nitrogen fertilizers, from anthropogenic sources. Emissions may increase if nitrogen fertilizer use increases
to produce biofuels (Crutzen et al., 2008). Its main loss process is photochemical destruction in the
stratosphere with a lifetime of 114 years.

Observations of N,O show latitudinal gradients in annual mean values, with maxima in the northern
subtropics, values about 1.7 ppb lower in the Antarctic, and values about 0.4 ppb lower in the Arctic. These
persistent gradients contain information about anthropogenic emissions from fertilizer use at northern mid-
latitudes and natural ocean emissions in upwelling regions of the tropics. N,O time series also contain
seasonal variations with peak to peak amplitudes of about 1 ppb in high latitudes of the northern hemisphere
and about 0.4 ppb at high southern and tropical latitudes. In the Northern Hemisphere, exchange of air
between the stratosphere and troposphere is the dominant contributor to observed seasonal cycles (Jiang et
al., 2007). Nevison et al. (2011) found correlations between the magnitude of detrended N,O seasonal
minima and lower stratospheric temperature providing evidence for a stratospheric influence on the timing
and amplitude of the seasonal cycle at surface monitoring sites. In the Southern Hemisphere, observed
seasonal cycles are also affected by stratospheric influx, but there are contributions to the seasonal cycle
from ventilation and thermal out-gassing of N,O from the oceans.

Since AR4, one new study has estimated N,O emissions from surface observations. Huang et al. (2008) used
N,O measurements from AGAGE, NOAA ESRL GMD, and CSIRO, being careful to account for small

=15 w17
calibration differences, and estimated 16.3—:2 Tg N (N,O) yr™ for 1997-2001 and 15.4—:3 Tg N (N,0) yr’
! for 20012005 (uncertainties are 66% confidence limits). Results from Huang et al. (2008) are in good
agreement with those from Hirsch et al. (2006), reported in AR4, despite different sets of observations and a
different analysis framework. Both recent studies put significantly more emissions in the region 0 to 30°N
and less in 30°S to 90°S than the GEIA inventory (Bouwman et al., 1995) and an earlier model study (Prinn
et al., 1990). They also conclude that uncertainties in air mass exchange between the stratosphere and
troposphere (STE) results in a significant portion of the uncertainty in estimated fluxes, particularly on
regional scales. Nevison et al. (2007) have used complementary stratospheric tracers with strong sinks in the
stratosphere (e.g., CFC-12) to assess the contribution of STE to the observed N,O seasonal cycle. New
observations of N,O from aircraft are also being used to determine the influence of STE as a function of
latitude (Ishijima et al., 2010).

2.41.1.4 HFCs, PFCs, and SFq

Current atmospheric abundances and radiative forcing for HFCs are small. However, as they replace CFCs
and HCFCs in many applications, their contribution to future climate forcing is projected to grow
considerably in the absence of controls on global production (Velders et al., 2009). HFC-134a is a
replacement for CFC-12 in automobile air conditioners and is also used in foam blowing applications. In
2009, it reached 52.4 ppt, an increase of 18 ppt since 2005. Based on analysis of high-frequency
measurements, significant emissions occur in N. America, Europe, and East Asia (Stohl et al., 2009).

HFC-23 is a byproduct of HCFC-22 production. Atmospheric HFC-23 mole fractions increased from about
19 ppt in 2005 to 22 ppt in 2009. Atmospheric observations agree, within uncertainties, with bottom-up
inventories. Based on an inverse model analysis of current atmospheric observations and measurements of a
Southern Hemisphere air archive, Miller et al. (2010) show that CFC-23 emissions increased from the late
1970s, peaked in 2006 at 15 (+1.3/-1.2) Gg yr, then decreased to 8.6 (+0.9/-1.0) Gg yr™* in 2009. Factors
contributing to these changes since the late 1990s are decreased emissions from developed countries because
of voluntary destruction followed by increased emissions from developing countries. They find that most of
the decrease in HFC-23 emissions since 2006 is consistent with abatement efforts under the Clean
Development Mechanism (CDM) of the UNFCCC. Montzka et al. (2010), using measurements of HFC-23 in
firn and modern air, infer that HFC-23 emissions from developing countries averaged 11 + 2 Gg yr™ during
2006-2008 which is about double the about 6 Gg yr™* destroyed under the CDM during 2007 and 2008. The
lifetime of HFC-23 has been revised from 270 to 222 yr (WMO, 2011) based on new laboratory studies.
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HFC-125 increased from about 3.7 ppt in 2005 to 7.3 ppt in 2009. The relative rate of increase at the
beginning of 2008 was 16% yr™, and global emissions were 21 Gg in 2007, having increased by 15% yr™
since 2000 (O'Doherty et al., 2009). These estimated emissions are within about 20% of emissions reported
to the UNFCCC when estimates of emissions from East Asia are included. HFC-152a, which is used as a
foam-blowing agent and as an aerosol propellant, increased from 3.6 ppt in 2005 to 5.9 ppt in 2009. New
measurements of several HFCs have been reported since AR4: HFC-365mfc, HFC-245fa, and HFC-227ea.
All were <2 ppt in recent years, but their abundances are increasing.

PFCs, CF, and C,Fs, strongly absorb thermal IR radiation and have lifetimes of 50 kyr and 10 kyr,
respectively. CF, and C,F; are emitted as a byproduct of aluminum production and used in plasma etching of
electronics. Because of their physical properties they are difficult to measure, but new instrumental
developments that can pre-concentrate trace species from ambient air at -165°C now allow precise
measurements of both species (Miller et al., 2008). CF, has a natural lithospheric source (Deeds et al., 2008)
with a preindustrial level (about 1750) determined from Greenland and Antarctic firn air of 34.7 £ 0.2 ppt
(Muhle et al., 2010) in good agreement with Worton et al. (2007). The sum of emissions of CF, reported by
aluminum producers and for non-aluminum production in EDGAR v4 only accounts for about half of global
emissions estimated from atmospheric observations (Muhle et al., 2010). For C,F, emissions reported to the
UNFCCC are also substantially lower than those estimated from atmospheric observations (Muhle et al.,
2010).

Global annual mean SF4 in 2009 was 6.8 ppt, increasing from 5.7 ppt in 2005. SF¢ has a lifetime of about
3200 years, so its emissions accumulate in the atmosphere and can be estimated directly from its observed
rate of increase. Levin et al. (2010) and Rigby et al. (2010) showed that SF emissions decreased after 1995,
most likely because of emissions reductions in developed countries, but then increased after 1998. During
the past decade, they found that actual SFs emissions from developed countries are at least twice the reported
values.

Since AR4, atmospheric observations of two new species that are not covered by the Kyoto Protocol were
reported. Prather and Hsu (2008) suggested that NF; is a missing greenhouse gas with a potential large
impact on radiative forcing. It is a substitute for PFCs as a plasma source in the semiconductor industry, has
a lifetime of 500 years, and a GWPo = 17,500 (WMO, 2011). Weiss et al. (2008) determined 0.45 ppt for
its global annual mean mole fraction in 2008, increasing at 0.05 ppt yr™. Initial bottom-up inventories
underestimated its emissions; based on the atmospheric observations, NF; emissions were 0.62 Gg in 2008.
SO,F; replaces CH3Br, an ODS, as a fumigant. Its GWPyoy = 4740, is comparable to CFC-11. A new
estimate of its lifetime, 36 £ 11 yr (Muhle et al., 2009), is significantly longer than previous estimates. Its
global annual mean mole fraction in 2008 was 1.51 ppt and increased by 0.04 ppt from 2007 to 2008.

2.4.1.2 Montreal Protocol Gases (CFCs, Chlorocarbons, HCFCs, and Halons)

CFC atmospheric abundances are decreasing because of the successful reduction in emissions resulting from
the Montreal Protocol on Substances that Deplete the Ozone Layer. By 2010, the Montreal Protocol had
reduced emissions from ODSs by an amount equivalent to about 11 Pg CO, yr” (including offsets) : this is 5
to 6 times the reduction target of the first commitment period (2008-2012) of the Kyoto Protocol (2 Pg CO,
eq yr') (Velders et al., 2007). Recent observations in Arctic and Antarctic firn air further confirm that
emissions of CFCs are predominantly anthropogenic (Martinerie et al., 2009). CFC-12 has the largest
atmospheric abundance and GWP-weighted emissions of the CFCs. Its tropospheric abundance peaked
during 2000-2004. Since AR4, its global annual mean mole fraction declined from 541.5 ppt in 2005 to
532.5 ppt in 2009. CFC-11 continued to decrease from 252.2 ppt in 2005 to 243.2 ppt in 2009. CFC-113
decreased from 78.2 ppt in 2005 to 75.9 ppt in 2009. A discrepancy exists between top-down and bottom-up
methods for calculating CFC-11 emissions. Emissions calculated using top-down methods come into
agreement with bottom-up estimates when a lifetime of 64 yr is used for CFC-11 in place of the accepted
value of 45 yr; this longer lifetime (64 yr) is at the upper end of the range estimated by Douglass et al.
(2008a) in a study of the CFC-11 lifetime with models that more accurately simulate stratospheric
circulation. Future emissions of CFCs will largely come from “banks” (i.e., material residing in existing
equipment or stores) rather than current production.
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The CCl, global annual mean decreased from 94.6 to 89.4 ppt from 2005 to 2009. The observed rate of
decrease and interhemispheric difference of CCl, suggest that emissions determined from the observations
are on average greater and less variable than bottom-up emission estimates, although large uncertainties in
the CCl, lifetime result in large uncertainties in the top-down estimates of emissions. CH3;CCl3 has declined
exponentially for about a decade, decreasing from 18.8 ppt in 2005 to 9.1 ppt in 2009. Because its
atmospheric loss is dominated by reaction with hydroxyl radical (OH), CH;CCl; has been used extensively
to estimate globally averaged OH concentrations (e.g., Prinn et al., 2005). Montzka et al. (2011) exploited
the exponential decrease and small emissions in CHs;CCl; to show that interannual variations in OH
concentration from 1998 to 2007 are 2.3 £ 1.5%, which is consistent with the interannual variability in OH
estimated from other species including CH,, C,Cl,;, CH,Cl,, CH;CI, and CH3Br.

HCFCs are classified as “transitional substitutes” by the Montreal Protocol, so their global production and
use will ultimately be phased out. But global HCFC production is not currently capped and has increased in
recent years. As a result, global levels of the three most abundant HCFCs in the atmosphere continue to
increase. HCFC-22 increased from 168.3 ppt in 2005 to 198.4 ppt in 2009. HCFC-141b increased from 17.6
ppt in 2005 to 19.8 ppt in 2009, and for HCFC-142b, the increase was from 15.2 ppt to 19.4 ppt. The rates of
increase in these 3 HCFCs increased since 2004, but the change in HCFC-141b growth rate was smaller and
less persistent than for the others, which approximately doubled from 2004 to 2007 (Montzka et al., 2009).
Based on changes in observed spatial gradients, there has likely been a shift in emissions within the Northern
Hemisphere from regions north of about 30°N to regions south of 30°N.

Atmospheric abundances of halons, except for halon-1301, have been decreasing. All have relatively small
atmospheric burdens, < 5 ppt, and are unlikely to accumulate to levels that can significantly affect radiative
forcing, if current projections are followed (WMO, 2011).

[INSERT FIGURE 2.33 HERE]

Figure 2.33: a) Solid line shows globally averaged CO, dry air moles fractions; dashed line is a
deseasonalized trend curve fitted to the global averages. b) Instantaneous growth rate for globally averaged
atmospheric CO, (solid line; dashed lines are +68% confidence limits). The growth rate is the time-
derivative of the dashed line in a). Symbols are annual increases from January 1 in one year to January 1 in
the next year, plotted in the middle of the year.

[INSERT FIGURE 2.34 HERE]

Figure 2.34: a) Solid line shows globally averaged CH, dry air moles fractions; dashed line is a
deseasonalized trend curve fitted to the global averages. b) Instantaneous growth rate for globally averaged
atmospheric CH, (solid line; dashed lines are £68% confidence limits). The growth rate is the time-
derivative of the dashed line in a). Symbols are annual increases from January 1 in one year to January 1 in
the next year, plotted in the middle of the year.

[INSERT FIGURE 2.35 HERE]

Figure 2.35: a) Solid line shows globally averaged N,O dry air moles fractions; dashed line is a
deseasonalized trend curve fitted to the global averages. b) Instantaneous growth rate for globally averaged
atmospheric N,O. The growth rate is the time-derivative of the dashed line in a).

2.4.2 Trends in Short-Lived Greenhouse Gases
[PLACEHOLDER FOR FIRST ORDER DRAFT]
2.4.2.1 Tropospheric Ozone

The AR4 reported a best estimate for the RF by tropospheric ozone of 0.35 W m-2 [0.25-0.65 Wm-2]. The
two main factors that contributed to the large uncertainty range were model uncertainties, and the apparent
discrepancy between observed pre-industrial levels of tropospheric ozone (10-15 ppbv) and the
corresponding higher model calculations (20-25 ppbv). Recent model analysis (Parrella et al., 2011) suggest
that tropospheric bromine chemistry, previously not included in models, could explain much of the
discrepancies. In perspective, current background tropospheric ozone, is around 35-40 ppbv (HTAP, 2010).
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Assessment of trends in tropospheric ozone remains difficult due to the paucity of high quality long-term
datasets, representative for larger regions.

O; measurements in ambient air were collected at the Montsouris Observatory close to Paris from 1876—
1912, showing low O (10-15 ppbv) in the planetary boundary layer (Volz and Kley, 1988). Compared to
ARA4, there is no new information regarding the levels of pre-industrial ozone, however more analysis has
been performed regarding the consistency of these pre-industrial Oz values with more recent Oz time series
starting at the 1960s. Measurements using similar techniques were conducted from 1956-1983 at Arkona, a
coastal site on the Baltic Sea (Feister and Warmbt, 1987), and the series was continued at the nearby Zingst
site (Figure 2.36). Consistent with the Montsouris time series, the earliest springtime measurements at
Arkona show O3 concentrations around 15 ppbv followed by an increase (amounting to about 20 ppbv) to the
present Zingst concentrations (Figure 2.36). Measured trends at European background stations (Mace Head,
Hohenpeissenberg and Zugspitze) are between 0.2 and 0.6 ppbv/year and are generally somewhat higher in
winter and spring than in summer (HTAP, 2010). We note here that O3 trends close to pollution sources may
be rather different, for example an analysis of EMEP station data by (Jonson et al., 2006; Pozzoli et al.,
2011) shows partly opposing positive winter and negative summer O3 trends, in response to emission
reductions.

In the Eastern Parts of the US, Hidy and Pennell (2010) report decreasing 8-hr average ozone trends for
1997-2006 in the order of -0.1 to -0.4 ppbv/yr. The declines are stronger for the higher ozone concentrations,
reflecting local pollution controls [reference needed]. In view of the dominating westerly circulation, O
trends at North America’s West Coast may be indicative for large scale ozone changes in the Asian pacific
region. The magnitude and reason for these trends are somewhat debated. Oltmans et al. (2008) report trends
covering 20 years of data amounting to 0.53 and 0.82 % yr™* for two remote Californian surface stations,
however other factors than long-range transport could have contributed to these trends. Oltmans et al. (2008)
do not find significant changes in ozone derived from a 10 years dataset of vertical soundings at Trinidad
Head.

Parrish et al. (2009) analyse data from 8 Pacific stations with time series between 8-25 years, to derive a
trend of 0.34 + 0.09 ppbv yr (Figure 2.36). These trends are very similar to the trends measured at Mace
Head (west coast Ireland), although the North American trends continue after 2000, and flatten in Europe.
Cooper at al. (2010) derive a trend of 0.63 + 0.34 ppbv yr in springtime free tropospheric 0zone over
western North America between 1984-2008, in approximate accord with the trends derived from the surface
measurements by Parrish et al. (2009), and the trends were stronger in air with strong influence from the
South and East Asian boundary layer. Jaffe et al. (2007) report that average O5 concentrations generally
increased from 1987-2004 at 7 rural sites in the western and Northern US, with significant increase rates of
0.19-0.51 ppbv yr at 7 sites, while no significant trends were detected at two others sites.

The few long-term continuous O; measurements in Asia indicate increasing Oz concentrations. In Japan,
continuous measurements at Mt. Happo Observatory (1.9 km asl) show a springtime O3 increase of 1.30 +
0.28 ppbv yr* from 1991 to 2007 (Tanimoto, 2009) and also in other seasons the trends are larger than
anywhere else in the world. Six Pacific Rim island sites (Tanimoto, 2009; Tanimoto et al., 2009), e.g.,
Rishiri Island, indicate an increasing springtime trend of on average 0.62 + 0.36 ppbv yr™ [possibly include
more recent analysis from MOZAIC (contacted V. Thouret)].

[INSERT FIGURE 2.36 HERE]

Figure 2.36: Springtime trends in O; concentrations measured in a) Europe and b) western North America
and Japan. The lines (in colour) indicate the linear regressions to the data, and the curves (in black) indicate
guadratic polynomial fits to the three central European sites over the time span of the lines. Arkona and
Zingst are two sites located close to the Baltic Sea. Mace Head is located at the west coast of Ireland.
Hohenpiessenberg (1.0 km asl) and Zugspitze (3.0 km asl) are in southern Germany, and Jungfraujoch (3.6
km asl) is in Switzerland. The North American data are from several sea level Pacific coastal sites and
Lassen National Park (1.8 km asl) near the west coast, and from the free troposphere over the western part of
the continent. The Japanese data are from Mt. Happo (1.9 km asl) on the Japanese mainland and Rishiri, a
northern (45N) sea level island site (HTAP, 2010).
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These measurements at surface background stations and mountain tops are further corroborated by new
analysis of ozone sounding data by [S. Tilmes et al. (2011, in preparation)]. Figure 2.37 shows a regional and
seasonal analysis of boundary layer ozone (950-850 hPa). The consistency of surface observations obtained
at Hohenpeissenberg and the average of soundings in Western Europe suggests that there are no
experimental biases in the early period. Between 1970 and 1990 ozone in West Europe has increased by
about 15 ppb in summer, 12 ppb in spring and about 10 ppb in winter and less than 10 ppb in fall. Since 1990
a slight increase of ozone (about 6-8 ppb) is observed in winter and spring and less than 3 ppb in summer
and fall in the NH polar region. For the other regions and seasons ozone changes, if any, are very small (less
than 3 ppb between 1990-2009). The limited amount of sonde-derived boundary layer observations in Japan
and North America does not suggest a significant difference with the trend in West Europe. Statistical
significance of trends was not assessed by [Tilmes et al. (2011)].

[INSERT FIGURE 2.37 HERE]

Figure 2.37: Seasonal and regional ozone from soundings at 850-950 hPa pressure levels between 1968 and
2009. Each seasonal data point represents the median statistics of >10 soundings. Winter refers to NH
December-January-February and SH, July-August-September, etc.

In the Southern Hemisphere Oltmans et al. (2006) report increases of surface ozone in the order of 0.3-0.5%
yr'', based on three time series covering 20 years. They point out that long-term ozone trends are varied in
sign and magnitude among various regions, but broadly consistent with the expected behaviour of precursor
emissions. HTAP (2010) states that qualitatively but not quantitatively models reproduce the observed trends
of baseline ozone.

Relatively little progress has been made in the use of satellite for deriving trends of tropospheric ozone
columns. Thompson et al. (2001b) report strong El Nifio signals, but no trends using Nimbus 7/TOMS data.
Using a different technique, but the same instrument, Ziemke et al. (2005) show a statistically significant
upward trend in the midlatitudes of both hemispheres but not in the tropics. Model analysis by de Laat et al.
(2005) suggests serious instrumental limitations for retrieving extratropical trends. Beig and Singh (2007)
report TOMS derived tropospheric ozone trends (1979-2005) of 0.4-0.9% yr™ for some parts of South Asia.
A newer generation of satellites, TES (Tropospheric Emission Spectrometer), OMI (Ozone Monitoring
Instrument), operational since 2004, and 1ASI, operational since 2007, may in the near future more robust
information on tropospheric ozone trends (Keim et al., 2009; Liu et al., 2010; Zhang et al., 2010).

The level of scientific understanding of tropospheric ozone trends is medium (unchanged from AR4), with
most recent measurements of background tropospheric ozone at the coasts of Europe and North America
suggesting upward trends between 0.3-0.5% yr™.

2.4.2.2 Stratospheric Ozone

AR4 reported the radiative forcing from stratospheric ozone to be -0.05 + 0.10 W m™. The recent Scientific
Assessment of Ozone Depletion report (Ajavon et al., 2010), using various measurements, shows a rather
consistent picture for changes of stratospheric ozone at mid-latitudes as well as polar ozone (Figure 2.38,
adapted from Chapter 2 in Ajavon et al. (2010). In summary, average total ozone columns have remained at
the same level for the past decade, about 3.5% below the 1964-1980 averages for the entire globe, and 2.5%
for the latitudes 60°S—60°N. These results are consistent with the AR4 report, and the level of understanding
of changes in stratospheric ozone is medium. For further discussion regarding changes in stratospheric
dynamics see [Section xxx?].

[INSERT FIGURE 2.38 HERE]

Figure 2.38: Trends in midlatitude a) and polar b) stratospheric ozone. Total ozone average of 63°-90°
latitude in March (NH) and October (SH). Symbols indicate the satellite data that have been used in different
years. The horizontal grey lines represent the average total ozone for the years prior to 1983 in March for the
NH and in October in the SH.

2.4.2.3 Stratospheric H,O Vapour
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Stratospheric H,O vapour has important roles in Earth’s radiative balance and in stratospheric chemistry.
Increased H,O vapour causes the troposphere to warm and the stratosphere to cool, and, when halogen-
containing compounds are present, it increases rates of O; loss.

The longest continuous time series of stratospheric H,O vapour abundance is from in situ measurements
made with frost point hydrometers starting in 1980 over Boulder, CO, USA (40°N, 105°W) (Oltmans et al.,
2000). These observations have been complemented by satellite observations by from SAGE 11 (1984-2005;
Stratospheric Aerosol and Gas Experiment I1), HALOE (1991-2005; HALogen Occultation Experiment),
and Aura MLS (2004—present; Microwave Limb Sounder). H,O vapour mixing ratios obtained using these
different methods do not always agree, even in their trends.

ARA4 reported that stratospheric H,O vapour increased from 1980 to 2000 by 0.05 ppm yr™, but then
decreased after that. Hurst (2011) analyzed the Boulder record for trends. They divided the record into 4
multi-year periods (1980-1989: period 1, 1990-2000: period 2, 2001-2005: period 3, and 2006—2010: period
4) and 6,2 km thick altitude layers from 16 to 28 km. Statistically significant non-zero trends were found for
all four periods in the lowest 5 layers up to 26 km. Positive trends were found for periods 1, 2, and 4, and a
negative trend was found for period 3. Averaged over the entire 30 year period and the lowest 5 layers (16—
26 km), the average increase was 1.0 + 0.2 ppm, with a vertical gradient of 0.07 + 0.04 ppm km™. The
pattern of increased growth with increasing altitude obtained for the entire period did not hold for each
period. Growth during period 1 ranged from 0.07 to 0.51 ppm among the altitude layers, but diminished with
altitude by -0.06 + 0.02 ppm km™. Positive growth increased with increasing altitude for period 2 (range
0.29-0.89 ppm at 0.08 + 0.02 ppm km™) and period 4 (range 0.21-0.64 ppm at 0.03 ppm km™). Growth in
period 3 averaged -0.35 £ 0.04 ppm with no significant dependence on altitude (range -0.29 to -0.39 ppm).
Solomon et al. (2010b) showed that decreased stratospheric H,O vapour in this period slowed the rate of
increase in global surface temperature by 25% compared to that which would have occurred due only to CO,
and other GHGs. Data and trends reported by Hurst (2011) for H,O vapour over Boulder are in qualitative
agreement with those reported by Fujiwara et al. (2010) for the tropical stratosphere based on based on data
from balloon-borne frost point hydrometers and satellite sensors for 1993-2009.

The major sources of H,O vapour to the stratosphere are transport through the tropical troposphere and
oxidation of CH, and H,. These processes alone cannot explain the observed trends in H,O vapour and their
dependence on altitude. Hurst (2011) concluded that there must be at least one other mechanism that
preferentially increases mid-latitude stratospheric H,O vapour at higher altitudes than lower ones. Improving
our ability to attribute H,O vapour changes to specific processes will require an expanded in situ observation
network, particularly in the tropics.

2.4.3 Trends in Aerosols
[PLACEHOLDER FOR FIRST ORDER DRAFT]
2.4.3.1 Global and Regional Trends of AOD from Remote Sensing

Aerosol properties can be determined in-situ as well as using active and passive remote sensing from
satellites or the ground. An extensive discussion on various optical properties derived from passive remote
sensing data, which address aerosol amount, size and composition is given in Chapter 7. In this section we
discuss trends derived from remote sensing.

The aerosol amount over the entire atmospheric column is usually expressed by aerosol optical depth (AOD)
data in the mid-visible region of the solar spectrum. The AOD is either measured by sun’s direct intensity
from the ground (e.g., sun-photometry) or estimated from changes in reflected sun-light to space by satellite
sensors. Satellite data offer information on spatial distributions, as illustrated for seasonal AOD data in
Figure 2.39 (Kinne, 2009).

[INSERT FIGURE 2.39 HERE]

Figure 2.39: Global seasonal maps for aerosol optical depth (AOD) distributions at 550nm based a multi-
annual satellite sensor retrievals by MODIS, MISR and AVHRR (after validations against ground-based sun-
photometry). Strongest aerosol loads are caused by a) biomass burning during DJF in western Africa and
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during SON in southern America, southern Africa and Indonesia, b) by dust during MAM and JJA in
northern Africa and during MAM also over the mid-east and eastern Asia and c) by pollution in MAM and
especially during JJA over the industrial centres of the Northern Hemisphere.

However, the AOD retrievals from satellite data are uncertain, because inaccurate assumptions on aerosol
absorption and solar surface reflectance. If the retrieval model does not account for multi-annual changes in
these properties (e.g., changes in aerosol mixture or changes to vegetation characteristics), erroneous trends
may be derived. Trends from ground-based sun-photometry are more reliable, but it is often uncertain if
detected local trends are characteristic for the surrounding region.

Even now, with more than 10 year data-records by aerosol dedicated satellite sensors (e.g., MODIS, MISR)
or local monitoring by sun-photometer networks (e.g., AERONET, SKyNET, GAW) the identification of
large scale multi-annual anthropogenic trends remains difficult. Since about half of today’s atmospheric
global AOD can be linked to super-micrometer dust and sea-salt with natural origin, atmospheric load is
strongly linked to meteorological conditions which often have strong inter-annual variations. In addition, in
certain years violent volcanic eruptions (e.g., Mt. Pinatubo in 1991) can add stratospheric AOD values
comparable to those of the troposphere. We note, however, that volcanic contributions of such magnitude
have not occurred during the last 10 years. Therefore, retrieval of anthropogenic aerosol in the troposphere
may be limited to regions and seasons of extraordinary anthropogenic change or where anthropogenic AOD
levels are high, such as over industrial regions over eastern Asia, Europe or the US.

There is a host of satellite instruments providing long-term information on aerosol, however, in all cases an
extremely careful evaluation of noise, bias, calibration within and among sensors, etc, is needed, while also
retrieval issues such as the assumptions on surface characterization, sampling issues, cloud contamination
and the aerosol models used in the inversion procedure, may also influence the retrieval of trends (Zhang and
Reid, 2010).

Older studies include the use of the TOMS (1979-1993) the absorbing aerosol index product for determining
the variability of dust sources (Prospero et al., 2002), and biomass burning (Thompson et al., 2001a).

Of particular interest are trends in regions with higher anthropogenic AOD levels, such as the regions over
eastern Asia and over the eastern US. During the 1980s and 1990s TOMS data indicate continued AOD
increases during the dry fall/winter season over East Asia (Torres et al., 2002). And from the mid-1980s on
AVHRR data indicate continued AOD decreases and slightly decreasing aerosol sizes over coastal waters of
the Eastern US (Mishchenko et al., 2003). These suggested reductions to the fine-mode AOD over time are
consistent with reductions for sulfate emissions over the eastern US.

[INSERT FIGURE 2.40 HERE]

Figure 2.40: Comparison of AVHRR based trends between 1984 and 2000 for mid-visible AOD (amount)
and Angstrom parameter (size) based on data off the US east coast. The data show continued decreases for
AOD over the entire annual cycle and also reduction to particles size in winter (smaller Angstrom
coefficient), suggesting temporal trends for the reduction of fine-mode aerosol particles over the eastern US.

Mishchenko et al. (2007) used 23 years of Advanced High Resolution Radiometer (AVHRR) data over
oceans, and reported a significant decreasing trend in global AOD (Aerosol Optical Depth) over the oceans.
While the data on a hemispheric basis showed no trend before 1995, between 1995 and 2005 a decrease of
AOD by 0.02 over oceans was reported. A qualitative analysis of PATMOSx and AVHRR/GAPC data
(Cermak et al., 2010) suggest negative AOD trends over most ocean regions, starting from the beginning of
1990s, in support of the global brightening hypothesis [(see Section xxx)].

This view is contested by more recent analyses of mid-visible bias-corrected MODIS (Moderate Resolution
Imaging Spectroradiometer) and MISR (Multi-angle Imaging Spectroradiometer) level 2 time series (Zhang
and Reid, 2010). Operating since 2001, MODIS and MISR provide new opportunities to measure aerosol
from satellites, using wavelengths more suitable for aerosol retrieval. No significant global AOD trends are
found for the 2000-2009 period. However, regionally, over the Arabian Sea and the Bay of Bengal and
Coastal China positive AOD trends of 0.03-0.06 per decade are found. Less certain, negative trends were
reported downwind of the North American East Coast and West Africa, as well as near Central America.
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Differences between MODIS and MISR derived trends can amount to a factor of two. These differences may
be related to calibration drift in the MODIS data, and limited spatial sampling of the MISR data (Levy et al.,
2010).

A regional analysis of trends over populated regions of the northern hemisphere with stronger anthropogenic
signatures (de Meij et al., 2010) suggest for MISR and MODIS retrieval statistics, in agreement with ground-
based observations by sun-photometry, decreasing AOD trends over Europe and North America and
increasing AOD trends over Asia, as illustrated in Figure 2.41.

[INSERT FIGURE 2.41 HERE]

Figure 2.41: Average AOD temporal profiles from MODIS (Level 3), MISR (level 3) and AERONET
(Level 2) for the 2000-2009 time period in Europe, North America and Asia. Level 2 and 3 refer to the
amount of temporal, spatial, or spectral aggregration/processing of the data.

AERONET (AErosol RObotic NETwork) is a network of ground-based sun-/sky- photometers which
provides multi-annual statistics on aerosol column properties at more than 200 sites (Holben et al., 1998).
The first instruments were deployed in the mid-1990s with a rapidly increasing density over the last 10 years.
However, there are only very few stations that provide continuous time series for decade or longer. An
unpublished analysis of AOD in 2006 [reference needed / B. Holben, xxxx] indicated, that at sites with
longer data records, tropospheric aerosol amounts in the 2000-2005 period were declining at sites influenced
by urban pollution over the central and eastern US and Europe, whereas no significant trends were found
over background sites, and sites strongly influenced by natural aerosol (e.g., biomass burning or dust) no
clear trends could be identified. In Japan, a recent study using ground-based broadband radiometers suggest
an increase of optical thickness until the mid-1980s, followed by a decrease until the late 1990s and almost
constant in the 2000s (Kudo et al., 2011).

In summary, since AR4, new long-term remote sensed datasets of aerosol are becoming available. These
datasets indicate a continuing decrease of AOD in the US and Europe, and Japan and continuing increase
over Eastern and Southern Asia since the 1980s, which is consistent with anthropogenic emission temporal
trends. Some studies report negative trends over the global oceans, but these trends may less certain, due
instrumental issues, the length of the data-record, the influence of the natural variability. Our knowledge on
trends from remote sensing satellite is globally low, and in some regions medium.

2.4.3.2 Regional Surface Aerosol Trends

Regional aerosol and aerosol precursor emissions have changed and will continue to change due to economic
developments and implementation of air pollution controls, and are drivers of variability and trends of
aerosol surface concentrations as well as columns in polluted regions. Since at many continental locations a
large fraction of the aerosol mass resides in the atmospheric boundary layer (Jaenicke, 1993), long term
measurements at the Earth surface may also provide information on the aerosol columns, and the resulting
radiative perturbations driving climate change, provided that these measurements are representative for a
larger region. However, under marine outflow conditions, aircraft observations often show elevated aerosol
levels above the boundary layer (Clarke and Kapustin, 2002; Osborne and Haywood, 2005), and surface
measurements may not always accurately represent column changes. This section summarizes reported
trends of PM2.5 (particulate matter with diameter <2.5 um) and two of the most widely measured climate
relevant anthropogenic aerosol components, sulphate and equivalent black carbon or elemental carbon.
Although more and longer time series of PM10 (d <10 um) are available, PM10 trends are less relevant for
climate impacts than those of PM2.5, due to the influence of PM10 from local sources. For a detailed
discussion on observations and the role of other aerosol components and their properties we refer to Chapter
7, while Chapter 8 evaluates the radiative forcing of aerosol.

Unfortunately, there are no true global networks of in-situ aerosol observations, and, to our knowledge an
overview and critical evaluation of worldwide, quality assured, aerosol trend measurement presently does
not exist. A few long-term background measurements of aerosol properties are performed in the frame of the
WMO GAW (Global Atmospheric Watch) program (WMO GAW, John Ogren, a paper on trends in aerosol
scattering, absorption, single-scattering albedo, and asymmetry parameter at a number of background
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stations). Surface based remote sensing of aerosol is performed within the AERONET and other networks,
and are discussed in Section 2.4.3.1.

In Asia, the Acid Deposition Network East Asia (EANET, 2011), measures since 2001 particulate matter and
deposition, but thus far no trend studies have been published. Whereas in some Asian regions (China, India)
some long-term measurements from individual research groups are becoming available, there are no
nationwide networks [verify] and it is often difficult to assess the significance of these measurements for
larger regions. Air quality networks in North America and Europe are the most reliable source of information
on long-term surface aerosol trends in these parts of the world.

In Europe, the EMEP network (European Monitoring and Evaluation Programme) provides regionally
representative measurements of aerosol composition since the 1980s; these measurements are described in
annual reports, and available via www.emep.int. In North America, the U.S. Clean Air Status and Trends
Network (CASTNET) and the Canadian Air and Precipitation Monitoring Network (CAPMoN) provide
regionally-representative long term measurements of major ions in aerosols, including sulfate, but not PM2.5
mass. The U.S. Interagency Monitoring of Protected Visual Environments (IMPROVE) Network measures
regionally PM2.5 mass, total aerosol composition, and visibility.

24321 PM25

In Europe, for PM2.5 only a few time series longer than a decade are available, with the earliest
measurements starting in 1997. Figure 2.42 (EMEP, 2010) shows downward trends in PM2.5 in some parts
of Europe (e.g., Southern and Central Europe), and no trend in Germany and Norway.

[INSERT FIGURE 2.42 HERE]
Figure 2.42: Time series of annual average PM2.5 (ug/m®) in Europe (IT Italy; AT Austria; CH Switzerland;
DE Germany; ES Spain; NO Norway).

For Canada, annual mean of PM2.5 for all urban measurement sites combined decreased by roughly 40%
between 1985 and 2006 (Canada, 2011), corresponding to —3.6 %/yr. This decline was to a large degree
attributable to decreases in precursor emissions (SO, and NO,) in Eastern Canada and the Eastern United
States (Canada, 2011). Need reference for US PM2.5, did not find trend analysis from IMPROVE.

2.4.3.2.2 Sulfate

Sulfate (SO,) aerosol is an important mass fraction of PM2.5 (see Chapter 7). Currently, important sources
are power generation, industry, and certain transport sectors (international shipping). SO, (the precursor gas
of SO,4) emissions from industry and the energy sector, have been increasingly mitigated in response to
acidification problems, and to reduce the impact of particulate matter on human health.

In Figure 2.43, we show SO, trends (Pozzoli et al., 2011) for 1990-2005 of selected stations with long-time
series for Europe (EMEP) and North America (CASTNET). Before 1990, the number of measurements was
substantially less. Significant negative trends of SO, are found in Eastern and Northern Europe (-0.05 to —
0.15 ug S/m® yr*; or ca —2 to 6% yr™), and less (0 to —0.05 ug S/m* yr™) in Scandinavia and Southern
Europe. Pozzoli et al. (2011) attribute the trends for a large part to emission changes and not to natural
processes. Precipitation scavenging of aerosol provides another view of changes in aerosol column amounts.
Consistently with the SO, aerosol trends Fowler et al. (2007) report declines in sulfate rainwater
concentrations between 1980-2000 of about 3% yr™ in Eastern and Southern Europe, and about -2 % yr™
elsewhere in Europe.

[INSERT FIGURE 2.43 HERE]
Figure 2.43: Observed SO, trends 1990-2005 (ug S/m* yr™) in Europe and the US. Not significant trends are
denoted with red circle (Pozzoli et al., 2011).

In the US, Figure 2.43 shows non-urban trends (Pozzoli et al., 2011) derived from the CASTNET network.
S0, aerosol declines in the Eastern United States ranging from 0 to —0.05 ug S/m® yr™ (0 to —3% yr™), and no
significant trends in the Western US. These trends are consistent with average trends reported by CASTNET
(2010) of -0.045 ugS/m*yr* for the period 1990-2008 in the Eastern US, and a decrease of CASTNET
aerosol sulphate concentrations by -21% in the east and northeast, -22% in the Midwest, and -20% in the
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south between the two periods 1990-1994 and 2000-2004 (Sickles and Shadwick, 2007b). Indirect evidence
for declining sulfate particulate concentrations is found in an analysis of SO4 wet deposition by 20-30% over
a time period of 15 years (Sickles and Shadwick, 2007a), corresponding to a trend of about —1.4% to —2.1%
yr''. In Canada, aerosol sulphate concentrations declined by —30 to —45% from 1991-1993 to 2004—-2006 at
non-urban CAPMOoN sites in the eastern half of the country.

These declines are consistent with the trends of inorganic aerosol components reported by Quinn et al.
(2009) at Barrow, Alaska, ranging between —2.3% yr™* for SO, to —6.4% for NH,. Hidy and Pennell (2010)
show a remarkable agreement of PM2.5 and SO, declines in Canada, pointing to common emission sources
of PM2.5 and SO,.

2.4.3.2.3 Black and elemental carbon trends

The terms black carbon and elemental carbon refer to the operational analysis methods: optical methods
(aerosol light absorption) or filter measurements using thermal methods, respectively. The measurements are
associated with large uncertainties, intercomparisons showed differences of a factor 2—-3 for optical methods,
and 4 for thermal methods (Vignati et al., 2010), which renders quantitative comparison of BC time series
also uncertain. In addition, while there is a general lack of BC/EC measurements, long-term time series are
even scarcer.

In Europe long term EC/BC are available at 2 stations (Norway, Italy) starting at the year 2001 (EMEP,
2010); but thus far these time series have not been published [for Europe: contact Jungfraujoch /
Baltensberger].

In North America, the IMPROVE network is measuring black carbon with optical techniques, but data are
publicly available until 2003, and to our knowledge to date no trend analysis has been published. Sharma et
al. (2006) published long term measurements of equivalent BC at Alert and Barrow, Canada. Downward
trends were 54% at Alert and 27% at Barrow for the period 1989-2003; part of the trend differences was
associated with changes in circulation patterns.

[PLACEHOLDER FOR FIRST ORDER DRAFT: India: Data may be provided by S.K.
Sateesh/Krishnamurty (Lead Author Chapter 7). Paper in preparation by Krishnamoorthy K. (2011). Needs
further elaboration of significance of trends, data quality assurance etc.]

In conclusion, in situ ground based measurements of aerosol indicate with large certainty downward trend
inorganic (mainly SO,) aerosol in parts of North America and Europe in the order of —=3% yr™ of the last 2-3
decades. The long-term data availability for PM2.5 and black carbon is much less , and prevents to draw firm
conclusions. In other parts of the world, coordinated surface aerosol measurements started at best early
2000s, and thus far no clear measurements do not provide a clear picture regarding trends of PM2.5 or
aerosol components.

2.5 Radiation Budgets
The radiation budget of the Earth is a key determinant for the genesis and evolution of climate on our planet.

Anthropogenic interference with climate occurs first of all through a perturbation of the components of the
Earth radiation budget.

2.5.1 Top of Atmosphere Radiation Budget

The radiation budget at the top of atmosphere (TOA) defines the energy flows in and out of the global
climate system. It includes the absorption of solar radiation by the Earth, determined as difference between
the solar irradiance incident at the TOA and its reflected fraction, and the thermal radiation emitted from the
Earth back to space.

2.5.1.1 TOA Solar Irradiance

Since AR4, much progress has been made in understanding the reasons for inconsistencies in total solar
irradiance between the more recent measurements from the Total Irradiance Monitor (TIM) on NASA’s
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Solar Radiation and Climate Experiment (SORCE) (Kopp and Lawrence, 2005) and from earlier missions.
For the 2008 solar minimum, the solar irradiance from SORCE/TIM is 1360.8 + 0.5 W m compared to
1365.5 + 1.3 W m™ from earlier missions. The latter value is commonly adopted in climate models and has
widely been assumed in satellite datasets providing estimates of net incoming radiation at the top-of-
atmosphere from reflected solar and emitted thermal radiation. The discrepancy is a factor of three greater
than the stated uncertainties of the individual measurements and corresponds to an equivalent climate forcing
of —0.8 W m [(Kopp and Lean, 2011, in press)]. Following extensive comparisons (e.g., Butler et al., 2008)
between ground-based versions of the instruments and laboratory references, validation of aperture area
calibrations using flight spares from each instrument, and corrections for diffraction from view-limiting
aperture (a correction not applied by all instrument teams), it was concluded that uncorrected scattering and
diffraction in the earlier instruments produces erroneously high values of total solar irradiance. [Kopp and
Lean (2010, in press)] conclude that the SORCE/TIM value of total solar irradiance is the most probable
value because it is validated by both a NISR-calibrated cryogenic radiometer and a new state-of-the-art total
solar irradiance radiometer facility.

Variations in total solar irradiance since 1978 are shown in Figure 2.44. Figure 2.44a shows values on the
native scale of each measurement and illustrates differences in absolute calibration between the instruments.
A composite solar irradiance record (Figure 2.44b) constructed by placing three records on the same
radiometric scale as SORCE/TIM clearly shows the 11-year solar cycle. The variation from solar minimum
to maximum is 1.6 W m™ (0.12%). Superimposed on the 11-year cycle are higher-frequency variations with
time scales of days to weeks that can reach 4.6 W m™ (0.34%). The 11-year solar cycle shows high
correlation with sunspot number (Figure 2.44d), although there is a difference in peak solar activity between
cycles 22 and 23 yet little difference in peak TSI between these cycles. When contributions from both dark
sunspots and bright faculae are included in an empirical model (Lean et al., 2005) (Figure 2.44c), the
observed variations in solar irradiance in Figure 2.44b are well reproduced, confirming that both dark
sunspots and bright faculae are important contributors to solar irradiance variations.

[INSERT FIGURE 2.44 HERE]

Figure 2.44: Space-borne total solar irradiance (TSI) measurements are shown in a) in "native" scales with
offsets attributable to calibration errors. Instrument overlap allows corrections for offsets and the creation of
a composite TSI record. Plot b) shows the average of three different reported composites [ACRIM, PMOD,
and RMIB] adjusted to match the SORCE/TIM absolute scale. The grey shading indicates the standard
deviation of the three composites. Shown in ¢) are irradiance variations estimated from an empirical model
that combines the two primary influences of facular brightening and sunspot darkening with their relative
proportions determined via regression from direct observations made by SORCE/TIM. The daily sunspot
numbers shown in d) indicate fluctuating levels of solar activity for the duration of the database [(from Kopp
and Lean, 2010, in press)].

Harder et al. (2009) provide further insight on how different parts of the solar irradiance spectrum vary with
time using data from the SORCE Spectral Irradiance Monitor (SIM) instrument. They show that during
periods of decreasing solar activity, TSI and irradiance measurements in the UV between 200-400 nm
decrease while solar irradiances at longer wavelengths (400-691 nm and greater than 1630 nm) are out-of-
phase with TSI. The results suggest that during periods of decreasing solar activity temperature profile
changes in the upper photospheric and lower chromospheric layers lead to decreases in solar irradiance and
temperature changes in deep photospheric layers lead to increases in solar irradiance.

2.5.1.2 TOA Reflected Solar and Emitted Thermal Radiation

The AR4 reported that large changes in tropical top-of-atmosphere (TOA) radiation occurred between the
1980s to the 1990s. The results were based upon observations from the Earth Radiation Budget Experiment
(ERBE, Barkstrom, 1984) Earth Radiation Budget Satellite (ERBS) Nonscanner Wide Field of View
(WFOQV) instrument (Wong et al., 2006). Net radiation increased by 1.4 W m?, reflected shortwave (SW)
radiation decreased by 2.1 W m™ and emitted longwave (LW) radiation increased by 0.7 W m™ over the
period 1985-1998. Since the AR4, Andronova et al. (2009) extended the Wong et al. (2006) ERBS/WFOV
record with observations from the Clouds and the Earth’s Radiant Energy System (CERES) (Wielicki et al.,
1996) on the Terra satellite. The longer record shows a continuation of these trends with tropical net TOA
flux increasing by 2 W m between 1985-2005 (Figure 2.45). By comparison, when LW data based upon
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HIRS and ISCCP-FD are used in place of the ERBS/CERES LW record; the net radiation increase is more
pronounced, reaching 6 W m™ for ISCCP-FD. The change in net radiation for ERBS/CERES is associated
with a 3 W m” decrease in SW radiation and an increase of 1 W m™ in LW radiation. Comparisons between
ERBS/CERES LW radiation and that derived from the NOAA High Resolution Infrared Radiation Sounder
(HIRS) Lee et al. (2004; 2007) show good agreement until approximately 1998, corroborating the reported
rise of 0.7 W m, after which HIRS LW fluxes show much higher values. The discrepancy is likely due to
changes in the channels used for HIRS/3 instruments launched after October 1998 compared to earlier HIRS
instruments (Lee et al., 2007). While the underlying causes for the large decadal changes in tropical radiation
remain uncertain, several studies have examined plausible reasons for the changes (Allan and Slingo, 2002;
Chen et al., 2002; Clement and Soden, 2005).

On a global annual scale, interannual variations in net TOA radiation and ocean heat storage should be
correlated, since oceans have a much larger heat capacity compared to land and the atmosphere and therefore
serve as the main reservoir for heat added to the Earth-atmosphere system. Wong et al. (2006) showed that
these two data sources are in good agreement for 1992-2003. In the ensuing 5 years, however, Trenberth and
Fasullo (2010) note that the two diverge from one another. The satellite observations show an increase of
about 1 W m in the rate of absorbed net radiation at the TOA while the ocean in-situ measurements show a
slowing of the increase in global ocean heat content. [Loeb et al. (2011, in press)] point out that the lack of
closure between satellite-based net TOA flux changes and in-situ ocean heat content measurements is due to
heterogeneous calibration and algorithm approaches in the merged satellite dataset used in Trenberth and
Fasullo (2010). A new official version of the CERES climate data record using consistent algorithms and
recalibrations throughout showed no significant increase in net TOA flux between 2000-2008, and explained
most of the about 1 W m™ discrepancy seen in Trenberth and Fasullo (2010) between the satellite and in-situ
observations.

[INSERT FIGURE 2.45 HERE]

Figure 2.45: Net TOA flux anomaly from 1985-2005 for 20S-20N from merged ERBS and CERES Terra
(thick solid line). The thin solid and dotted lines are derived using SW measurements from ERBS/CERES
and LW observations from ISCCP-FD (Zhang et al., 2004b) and HIRS (Lee et al., 2004; Lee et al., 2007).
Anomalies are relative to the average over 1985-1989. From Andronova et al., (2009).

2.5.1.3 Relation to Observed Changes in Aerosol, Humidity and Clouds

Changes in cloud, humidity and aerosol may also be diagnosed from broadband Earth radiation budget
measurements. Interannual co-variation in temperature and upper tropospheric water vapour are diagnosed
from AIRS infra red satellite data (Dessler et al., 2008; Gettelman and Fu, 2008) and inferred from increases
in broadband clear-sky LW satellite data (Chung and Soden, 2010; Chung et al., 2010a), consistent with
invariant RH at the largest scales. On decadal time-scales, increased greenhouse gas concentrations reduce
clear-sky LW (Allan, 2009; Chung and Soden, 2010), thereby influencing inferred relationships between
moisture and temperature. Combining recently updated CERES satellite data and reanalysis fields, Dessler
(2010) provides evidence for a weak interannual global relationship between cloud related changes in net
radiation and surface temperature, primarily explained by a positive cloud longwave radiative feedback,
consistent with theoretical expectations (Zelinka and Hartmann, 2010). Clement et al. (2009) find reductions
in low cloud fraction from ship observations and satellite data with decadal increases in SST over the north
east Pacific, symptomatic of positive cloud shortwave radiative feedback. Their analysis applied an
adjustment to the ISCCP satellite data which suffers from changes in viewing angle geometry (Evan et al.,
2007) and inhomogeneity (Loeb et al., 2007). The responses of water vapour and cloud inferred from the top
of atmosphere radiation are time-scale dependent (Harries and Futyan, 2006) and highly sensitive to the
time-periods and regions chosen for analysis (Lindzen and Choi, 2009; Murphy et al., 2009; Spencer and
Braswell, 2010; Trenberth et al., 2010).

2.5.2 Surface Radiation Budget

The surface radiation budget provides the energy for a variety of surface processes and largely determines
the thermal and hydrological conditions at the Earth surface. The surface radiation budget takes into account
the solar fluxes absorbed at the Earth surface, as well as the upwelling and downwelling thermal fluxes
emitted by the surface and atmosphere, respectively.
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2.5.2.1 Surface Solar Radiation

Monitoring of radiative fluxes from surface stations began on a widespread basis in the mid-20th century,
predominantly measuring the downwelling solar component (also known as global radiation or surface solar
radiation, hereafter referred to as SSR).

The first indications for substantial decadal variations in the observational SSR records have been reported in
ARA4. Specifically, a decline of surface solar radiation from the beginning of widespread measurements in the
1950s until the mid-1980s has been observed at many land-based sites (popularly known as “global
dimming”, Stanhill and Cohen, 2001), and a partial recovery from the 1980s onward ("brightening"”, Wild et
al., 2005). Since AR4, numerous studies substantiated the findings of significant decadal SSR changes
observed at globally distributed sites (e.g., Dutton et al., 2006; Gilgen et al., 2009; Ohmura, 2009; Wild,
2009 and references therein) as well as in specific regions. Wild et al. (2008) estimated the brightening over
land surfaces at 2 W m™ per decade for the period 1986—2000. In Europe, Norris and Wild (2007) noted a
dimming until the mid-1980s and subsequent brightening in a pan European time series. Similar changes
were found at sites in Northern Europe (Stjern et al., 2009), Estonia (Russak, 2009) and Moscow
(Abakumova et al., 2008). Chiacchio and Wild (2010) pointed out that dimming and subsequent brightening
in Europe are mainly seen in spring and summer seasons. The brightening phase in Europe from the 1980s
onward was further documented at sites in Switzerland and Germany (Ruckstuhl et al., 2008), as well as in
Greece (Thessaloniki) (Zerefos et al., 2009). At continental US sites, Long et al. (2009) noted a significant
brightening of SSR as well, of 10 W m™ per decade between 1995 and 2007, and Riihimaki et al. (2009)
found brightening at sites in Oregon over the extended period 1980-2007. The general pattern of dimming
until the 1980s and brightening thereafter was also found at numerous sites in Japan (Norris and Wild, 2009;
Ohmura, 2009; Wild et al., 2005). Analyses of sites in China confirmed strong declines in SSR from the
1960s to 1980s, which also did not persist in the 1990s (Che et al., 2005; Liang and Xia, 2005; Norris and
Wild, 2009; Qian et al., 2006; Shi et al., 2008; Xia, 2010a). Dimming and subsequent brightening was not
only found on the Northern Hemisphere, but also at sites in New Zealand (Liley, 2009). On the other hand,
persistent dimming since the mid-20th century with no evidence for a trend reversal was noted at sites in
India (Kumari and Goswami, 2010; Kumari et al., 2007; Wild et al., 2005), and in the Canadian Prairie
(Cutforth and Judiesch, 2007).

The longest observational SSR records, extending back to the 1920s and 1930s at a few sites in Europe,
further indicate some brightening during the first half of the 20th century, known as “early brightening”
(Figure 2.46) (Ohmura, 2009; Wild, 2009). This suggests that dimming, at least in Europe, was confined to a
period between the 1950s and 1980s.

Updates on SSR changes observed at the surface beyond the year 2000 suggest a continuation of the
brightening at sites in Europe, U.S., and parts of Asia. Brightening seems to level off at sites in Japan and
Antarctica after 2000, while indications for a renewed dimming are seen in China (Wild et al., 2009).

Alpert et al. (2005) and Alpert and Kishcha (2008) pointed out that the observed decline in surface solar
radiation between 1960 and 1990 is larger in areas with dense population than in rural areas. The magnitude
of this “urbanization effect” in the radiation data is not yet well quantified. Dimming and brightening is,
however, also notable at remote and rural sites (Dutton et al., 2006; Karnieli et al., 2009; Liley, 2009;
Russak, 2009; Wild, 2009).

While extended areas of the globe are not covered by surface measurements, satellite-derived fluxes can
provide a near global picture. Such estimates are available since the early 1980s (Hatzianastassiou et al.,
2005; Hinkelman et al., 2009; Pinker et al., 2005). Satellites do not directly measure the surface fluxes, but
have to infer them from measurable top-of-atmosphere signals using in addition empirical or physical models
to remove atmospheric perturbations. Satellite-inferred SSR records may also suffer from potential
inhomogeneities due to changes in satellites, viewing geometries, inaccurate positioning, or sensor
degradation, particularly in the earlier records (Evan et al., 2007). Available satellite-derived products
qualitatively agree on a brightening from the mid-1980s to 2000 globally as well as over oceans
(Hatzianastassiou et al., 2005; Hinkelman et al., 2009; Pinker et al., 2005). Over land, however, trends are
positive or negative depending on the respective satellite product (Wild, 2009). Variations in aerosol
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attenuation, considered relevant for the decadal SSR changes particularly over land, are difficult to infer
from satellites.

Reconstructions of SSR changes from more widely measured meteorological variables can help to increase
their spatial and temporal coverage. Decadal SSR changes have been related to observed changes in sunshine
duration, diurnal temperature range (DTR), and evaporation. Overall, these proxies provide independent
evidence for the existence of large-scale decadal variations in SSR. Specifically, the dimming of SSR from
the 1950s to the 1980s obtained additional support from widespread observations of concurrent declines in
pan evaporation (Roderick and Farquhar, 2002). The decline of DTR over global land surfaces and its trend
reversal during the 1980s is in line with the transition from dimming to brightening (Wild et al., 2007). Over
Europe, the dimming of SSR from the 1950s to the 1980s and brightening thereafter is consistent with
concurrent declines and subsequent inclines in sunshine duration (Sanchez-Lorenzo et al., 2008a),
evaporation in energy limited environments (Teuling et al., 2009) and DTR (Makowski et al., 2009). The
early brightening in the 1930s and 1940s seen in the European records gets support from corresponding
changes in DTR and sunshine duration (Makowski et al., 2009; Sanchez-Lorenzo et al., 2008a). In China, the
levelling off in SSR in the 1990s after decades of decline is in line with similar tendencies in the pan
evaporation records and DTR (Liu et al., 2004a; Liu et al., 2004b; Qian et al., 2006). Dimming up to the
1980s and brightening in the 1990s is also indicated in a set of 237 sunshine duration records in South
America [(Raichijk, 2011, in press)].

[INSERT FIGURE 2.46 HERE]

Figure 2.46: Annual mean surface solar radiation (in W m) as observed at Potsdam, Germany, from 1937
to 2006. Five year moving average in blue. Distinct phases of inclines (1930s—-1940s, “early brightening”),
declines (1950s-1980s, "dimming”) and renewed inclines (since 1980s, “brightening”) can be seen. From
Wild (2009).

2.5.2.2 Surface Thermal Exchanges and Net Radiation

Long-term measurements of the thermal surface components as well as surface net radiation are available at
many fewer sites than SSR. Downward thermal radiation observations started to become available during the
early 1990s with the setup of the Baseline Surface Radiation Network (BSRN) (Ohmura et al., 1998). From
these records, Wild et al. (2008) determined an overall increase of 2.6 W m™ per decade over the 1990s, in
line with model projections and the expectations of an increasing greenhouse effect. Wang and Liang (2009)
inferred an increase in downward thermal radiation of 2.2 W m™ per decade over the period 1973-2008 from
observations of temperature, humidity and cloud fraction at 3200 sites. Prata (2008) estimated a slightly
lower increase of 1.7 W m™ per decade for clear sky conditions over the earlier period 1964—1990, based on
radiative transfer calculations using observed temperature and humidity profiles from radiosondes. Philipona
et al. (2009; 2004) measured increasing downward thermal fluxes since the mid-1990s at stations in the
Swiss Alps, corroborating an increasing greenhouse effect. There is growing evidence that the absolute
magnitude of the global mean downward thermal radiation has been underestimated in previous assessments
and climate models, and that the value should be around 345-350 W m™ (Stephens et al., in preparation;
Wild, 2008).

The changes in the upward thermal radiation emitted by the Earth surface closely follow the changes in the
surface temperature according to the Stefan-Boltzmann law and needs no additional discussion.

Little is known about decadal changes in the surface net radiation. Wild et al. (2008; 2004) inferred a decline
in the land surface net radiation from the 1960s to the 1980s, and an incline from the 1980s to 2000, from
estimated changes of the individual surface radiative components.

2.5.2.3 Relation to Observed Changes in Aerosol, Humidity and Clouds

The observed decadal variations in SSR cannot be explained by changes in the luminosity of the Sun, which
are an order of magnitude smaller (Willson and Mordvinov, 2003). They therefore have to originate from
alterations in the transparency of the atmosphere, which depends on the presence of clouds, aerosols, and
radiatively active gases (Kim and Ramanathan, 2008; Kvalevag and Myhre, 2007). Cloud cover changes
effectively modulate SSR on an interannual basis, but their contribution to the detected longer-term SSR
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trends is not always obvious. While cloud cover changes were found to explain the trends in some areas
(e.g., Liley, 2009), this is not the case particularly in relatively polluted regions such as Europe and China
(Norris and Wild, 2007, 2009; Qian et al., 2006; Wild, 2009). SSR dimming and brightening has also been
observed under cloudless atmospheres at various locations, pointing to a prominent role of atmospheric
aerosols (Norris and Wild, 2007, 2009; Ohvril et al., 2009; Russak, 2009; Wild, 2009; Wild et al., 2005;
Zerefos et al., 2009). Aerosols can directly attenuate SSR by scattering and absorbing solar radiation (direct
effect), or indirectly, through their ability to act as Cloud Condensation Nuclei (CCNs), thereby increasing
cloud reflectivity and lifetime (first and second indirect effects) (Lohmann and Feichter, 2005; Ramanathan
et al., 2001).

The trend reversal from SSR dimming to brightening in the 1980s is reconcilable with trends in aerosol
emission and aerosol optical depth, which also indicate a distinct reversal during the 1980s (Mishchenko et
al., 2007; Ohwvril et al., 2009; Stern, 2006; Streets et al., 2006; Streets et al., 2009; Wild et al., 2005).

Observed changes in atmospheric water vapour and other radiatively active gases are considered to be major
contributors to the observed increases in downwelling thermal radiation (Allan, 2009; Philipona et al., 2009;
Prata, 2008; Stephens et al., in preparation).

2.5.2.4 Relation to the Hydrological Cycle

The Earth radiation balance is the key driver of the global hydrological cycle (Ramanathan et al., 2001; Wild
and Liepert, 2010). Global precipitation changes are constrained by the atmospheric and surface radiative
energy balance to rise at around 2-3%/K (Allen and Ingram, 2002). Increased atmospheric moisture with
warming (Willett et al., 2008) has been shown, using reanalyses and observationally-based methods, to
enhance the LW radiative cooling of the atmosphere to the surface (Allan, 2009; Philipona et al., 2009;
Prata, 2008; Wang and Liang, 2009; Wild et al., 2008). The rises in atmospheric radiative cooling rate with
warming over interannual time-scales (John et al., 2009) are predominantly controlled by changes in the
clear-sky atmosphere (Allan, 2009) and are consistent with enhanced precipitation with warming as part of
radiative convective balance (Lambert and Webb, 2008; Stephens and Ellis, 2008). Links between global
precipitation over land and the surface radiation balance are demonstrated by Wild et al. (2008) who argue
that decreases in scattering aerosol, also detected by satellite measurements at the global scale (Mishchenko
et al., 2007), and enhanced surface shortwave radiation provide the causal link. While scattering aerosol may
influence global precipitation indirectly through surface temperature dependent responses, absorbing
aerosols have the potential to directly influence changes in clouds and precipitation through
radiative/convective adjustment (Andrews et al., 2009). Liepert and Previdi (2009) argue that large observed
increases in global precipitation and ocean evaporation (Wentz et al., 2007) with warming of around 7%/K
over the period 1987-2006 require an increase in net atmospheric radiative cooling of 0.7 W m™ per decade
to balance the global energy balance. While some evidence suggests enhanced radiative cooling to space
over this period (Section 2.5.1.2; Wong et al., 2006; Zhang et al., 2007a) and a reversal of the weakening of
the Walker circulation strength (Sohn and Park, 2010) statistical uncertainty is substantial and currently
precludes definitive connection between these decadal changes.

2.6 Changes in Atmospheric Circulation and Patterns of Variability

Climatic changes at any given location depend not only on changes in the local radiative forcing, but also on
changes in atmospheric circulation which themselves are partly radiatively driven. Changes in atmospheric
circulation and patterns of variability were assessed in AR4 (2007). Substantial multi-decadal variability was
found in the large-scale atmospheric circulation over the Atlantic and the Pacific. A decrease was found in
tropospheric geopotential height (GPH) over high latitudes of both hemispheres and an increase over the
mid-latitudes in boreal winter for the period 1979-2001. These changes were found to be associated with an
intensification and poleward displacement of Atlantic and southern polar front jet streams and enhanced
storm track activity in the NH from the 1960s to at least the 1990s. Changes in the North Atlantic Oscillation
(NAO) and the Southern Annular Mode (SAM) towards their positive phases were observed, but it was
noted that both returned their long term mean states in the early 2000s.

In AR4, many studies based on reanalysis data were assessed. Since AR4, reanalyses have gained even more
weight in the scientific literature (see Box 2.2). Also, more and improved observational data sets have been
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published (encompassing ground based, radiosonde, and space-borne data sets), and inaccuracies in all data
sets are better understood. Finally, the time elapsed since AR4 extends the period for trend calculation, in
particular since several data sets start only in (or are considered most reliable only after) 1979, when satellite
information was included in many reanalyses data sets.

In this section we assess the observational evidence for changes in atmospheric circulation in fields of sea
level pressure (SLP), GPH, and wind, in circulation features (such as the Hadley circulation or the jet
streams), as well as in regional circulation variability modes. Monsoons are assessed in Chapter 14.

[START BOX 2.2 HERE]
Box 2.2: Global Dynamical Reanalyses

[INSERT BOX 2.2, FIGURE 1 HERE]

Box 2.2, Figure 1: Top: Linear trends in SLP from HadSLP2 (Allan and Ansell, 2006) between 1970 and
2010 (top) and 500 hPa GPH from 20CR (Compo et al., 2011) between 1970 and 2008 (bottom) for May-
October season (left) and November-April (right). Only trends that are significant at the 10% level are
shown.

[THIS IS A SIMPLE KNMI CLIMATE EXPLORER STRAWMAN; NEEDS TO BE REDONE WITH
TREND ESTIMATE.]

Dynamical reanalyses constitute an ever increasingly valuable and utilized resource for assessing weather
and climate phenomena. Applications span a very broad range of disciplines including all three IPCC
Working Groups and beyond. The highest cited paper in all of geosciences (Kalnay et al., 1996) describes
the first multi-decadal reanalysis that was produced (NCEP/NCAR reanalysis or NNR). Although used in
previous assessments their characteristics have never been clearly outlined. Given their more abundant use in
this assessment it is necessary to outline their characteristics more explicitly to aid interpretation.

Reanalyses are distinct from and complement more ‘traditional’ statistical approaches to assessing the raw
data. They do not produce gridded fields of observations. At the most basic level they use a modern day data
assimilation scheme and weather forecasting model to integrate all historically available observations from
multiple disparate sources and create a dynamically consistent estimate of the past atmospheric states. Unlike
real-world observations reanalyses are complete in space and time and also provide variables that are not
directly observable. These aspects make them intuitively appealing for climate applications, particularly for
some aspects of climate model validation where traditional observations simply are not available.

Several groups are actively pursuing reanalysis development and many of these have several generations of
reanalyses products available (Box 2.2, Table 1). Since the first generation of reanalyses produced in the
1990s, substantial development has taken place. The reanalyses MERRA and ERA-Interim use satellite
information in a very sophisticated way, aiming at a better representation of the hydrological cycle. The
NCEP/CFSR reanalysis uses a coupled ocean-atmosphere assimilation system (Saha et al., 2010). The 20th
century Reanalyses (20CR, Compo et al., 2011) provides information on uncertainty and covers 140 years by
assimilating only surface and sea-level pressure in addition to monthly sea-surface temperatures. This
proliferation of groups and approaches enables an improved handle on uncertainties for any given
application.

Reanalyses products provide invaluable information on process understanding and interannual variability.
For their ability to characterize long-term trends there exist a range of views within the climate research
community. Although reanalyses projects by definition use a “frozen” assimilation system, there are many
other sources of potential errors. Changes in the observational systems (e.g., the introduction of satellite
data) and errors in the underlying observations or in the boundary conditions can lead to inhomogeneities.
Reanalysis projects are extremely complex and processing errors cannot be avoided completely.

Early generation reanalyses contained ubiquitous shifts that rendered them of limited value for trend
characterization (Thorne and Vose, 2010 and references therein). As subsequent products have learnt from
these pioneering efforts the ability to determine trends and quantify the uncertainties has improved. This has

Do Not Cite, Quote or Distribute 2-52 Total pages: 155



O©CoO~NOUTA,WN -

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

Zero Order Draft Chapter 2 IPCC WGI Fifth Assessment Report

led to a more nuanced position whereby adequacy depends upon the variable under consideration, the time
period and region of interest. For example, the latest generation reanalyses from ECMWF have been shown
to perform well for land surface temperature and humidity - variables not directly assimilated and therefore
quasi-independent (Simmons et al., 2010) but caused controversy when applied to polar tropospheric
temperature trends (Bitz and Fu, 2008; Grant et al., 2008; Graversen et al., 2008; Thorne, 2008).

Box 2.2, Table 1: Overview of global dynamical reanalysis data sets. In addition to the global reanalyses listed here,
several regional reanalyses exist or are currently being produced.

Institution Reanalysis Period Resolution Reference
at equator
National Centers for Environmental NCEP/NCAR R1 1948- 320 km Kistler et al. (2001)

Prediction (NCEP) and National Center for
Atmospheric Research (NCAR), USA

NCEP, US Department of Energy, USA NCEP/DOE R2 1978- 320 km Kanamitsu et al. (2002)
European Centre for Medium Range Weather ERA-40 1957-2002 125 km Uppala et al. (2005)
Forecasts (ECMWF)

Japanese Meteorological Agency (JMA) JRA-25 1978- 190 km Onogi et al. (2007)
National Aeronautics and Space MERRA 1978- 75 km Bosilovich (2008)
Administration (NASA), USA

European Centre for Medium Range Weather ERA-Interim 1989- 80 km -

Forecasts (ECMWF)

National Centers for Environmental CFSR 1979- 50 km Saha et al. (2010)
Prediction (NCEP), USA

Japanese Meteorological Agency (JMA) JRA-55 1958- 60 km -

Cooperative Institute for Research in 20th century 1908-1958 320 km -

Environmental Sciences (CIRES), USA Reanalysis Vers. 1

Cooperative Institute for Research in 20th century 1871~ 320 km Compo et al. (2011)

Environmental Sciences (CIRES), USA Reanalysis, Vers. 2

[END BOX 2.2 HERE]

2.6.1 Sea Level Pressure

The spatial distribution of SLP represents the distribution of atmospheric mass, which is the surface imprint
of the atmospheric circulation. Barometric measurements in weather stations or onboard ships are relatively
simple and local effects are comparably small. Fields are produced from the observations by interpolation or
using data assimilation. One of the most widely used observational data sets is HadSLP2 (Allan and Ansell,
2006), which integrates 2228 historical global terrestrial stations with marine observations from the
International Comprehensive Ocean-Atmosphere Data Set (ICOADS) on a 5°x5°grid. Although the quality
of SLP data is generally considered good, there are discrepancies between gridded SLP data sets, in
particular away from observations sites, e.g., over Antarctica (Jones and Lister, 2007).

For the period 1949-2009, Gillett and Stott (2009) find decreasing SLP in HadSLP2 in the high latitudes of
both hemispheres in all seasons and increasing SLP in the tropics and subtropics most of the year, similar as
in the earlier studies summarized in AR4. Vecchi et al. (2006) find a weakening of the annual mean
equatorial Pacific zonal SLP gradient based on marine data over the period 1861-1992. An increase in SLP
over the Indian Ocean was found by Copsey et al. (2006) in two data sets over the period 1950-1996.
However, trends in SLP strongly depend on the time period. In fact, some of the trends that appeared from
the 1950s to 1990s vanish or reverse when analyzing more recent periods (e.g., 1970s to 2010).

Box 2.2, Figure 1 shows trends from 1970 to 2010 for May-October (left) and November-April (right). The
most prominent feature is the SLP decrease in southern mid-to-high latitudes. Trends in other regions are
less consistent over this time period; no trends at all are found in boreal winter. However, relatively large
changes in SLP have been reported for individual pressure centres on multidecadal scales. The Siberian High
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is strengthening again after decades of weakening (Panagiotopoulos et al., 2005), although trend magnitudes
are data set dependent (Huang et al., 2010). The Western Pacific subtropical high has been extending
westward from 1980 to 1999 (Zhou et al., 2009b). Favre and Gershunov (2006) find an eastward shift and
intensification of the Aleutian low from the mid-1970s to 2001. The Icelandic low has been weakening since
the late 1980s, culminating in the recent extreme winter 2009/2010 (Osborn, 2011) (see also Section 2.6.6).
The large multidecadal variability in SLP makes the detection of trends difficult.

On interannual time scales, variations in SLP have specific spatial characteristics known as “modes”, some
of which are thought to be atmospheric phenomena while others represent the atmospheric part of
intrinsically coupled modes in the atmosphere-ocean system. Trends in the indices that capture the strength
of these modes are reported in Section 2.6.9.

2.6.2 Surface Winds

Surface wind is measured in-situ with anemometers or from space using the microwave band. Marine wind
observations have been extracted from ship logbooks and are collected in ICOADS (currently version 2.5;
Woodruff et al., 2011). Early observations were made using the Beaufort scale. Anemometer measurements
were introduced starting in the 1950s. Growth in ship size is thought to be responsible for an upward trend in
the (largely unreported) anemometer measurement heights and to cause a spurious increasing trend in wind
speed estimates based on ICOADS data (Cardone et al., 1990; Gulev et al., 2007; Tokinaga and Xie, 2011a).
This trend, being non-uniform in space and time because of varying proportion and unknown characteristics
of anemometer measurements, has stymied most of research efforts to study long-term variability in winds
from observations. The WASWind data set by Tokinaga and Xie (2011a), covering the period 1950-2008,
uses ICOADS surface wave information to correct biases in the ICOADS wind speed.

Surface winds can also be measured from space. However, quality scatterometer-based satellite observations
of marine surface winds only span a decade. Recent efforts on homogenization of available SSM/I
observations from satellites produced a wind data set that starts in July 1987 (Wentz et al., 2007).

Satellite products cover only the oceans. Over land, surface winds have been measured with anemometers
since the 1960s, but until recently the data have been rarely used for trend analysis due to suspect quality.
Winds near the surface can be derived from reanalysis products (see Box 2.2), but discrepancies are found
when comparing trends therein with trends on land stations (McVicar et al., 2008; Smits et al., 2005). 20CR
(Compo et al., 2011) might be more promising in this respect, having restricted their observational stream to
surface pressure only and thus avoiding artefacts due to changes in the observing system.

Figure 2.47 shows linear trends in surface wind speeds over the oceans estimated from 19 years of SSM/I
wind data (Wentz et al., 2007). The trend pattern is largely consistent with that obtained from ICOADS,
wherever the latter observations were abundant, and with the corresponding trend in 20CR. Decreasing wind
speeds are found over certain areas in the North Atlantic, tropical and North Pacific, and increasing winds
south of 40° S and over the Bering Sea.

Over land, a weakening of seasonal and annual winds is reported for many regions, including China (Guo et
al., 2010; Xu et al., 2006b) and the Tibetan region (Zhang et al., 2007b) from the 1960s to the early 2000s,
the Netherlands from 1962 to 2002 (Smits et al., 2005), much of the USA from 1973 to 2005 (Pryor et al.,
2007), Australia from 1975 to 2006 (McVicar et al., 2008), and southern and western Canada from 1953 to
2006 (Wan et al., 2010). Increasing wind speeds were found at high latitudes in both hemispheres, namely in
Alaska from 1921 to 2001 (Lynch et al., 2004), in parts of the Canadian Arctic from 1953 to 2006, and in
Antarctica over the second half of the 20th century (Turner et al., 2005).

Vautard et al. (2010) analysed a global land surface wind data sets from 1979 to 2008 after rigorous quality
screening. They found decreasing trends on the order of -0.1m/s per decade (termed “atmospheric stilling™),
over large portions of Northern Hemispheric land areas which they could not find in geostrophic wind
calculated from SLP fields and which they attributed to an increased surface roughness.

[INSERT FIGURE 2.47 HERE]
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Figure 2.47: Surface wind trends for the period July 1986 to August 2006 computed at a spatial resolution of
2.5°. a) SSM/I wind trends, b) ICOADS wind trends (Wentz et al., 2007), ¢) 0.995 sigma level wind trend
from 20CR.

[THIS IS A STRAWMAN FIGURE: PANELS B AND C COULD BE COMPLEMENTED WITH LAND
SURFACE WINDS FROM ANEMOMETERS AND 20CR, RESPECTIVELY, BUT NEEDS FURTHER
EFFORT.]

2.6.3  Upper-Air Winds

In contrast to surface winds, which were discussed in previous assessment reports, upper level winds got
little attention. Radiosondes and pilot balloon observations are available on a global scale from around the
1930s onwards (Stickler et al., 2010). While radiosonde wind records contain temporal inhomogeneities,
they are far less common and also less systematic than those in temperature records (Gruber and
Haimberger, 2008), at least from about 960 onwards.

In the past few years, interest in an accurate depiction of upper air winds has grown since they are essential
for estimating the state and changes of the general atmospheric circulation and for explaining changes in the
surface winds (Vautard et al., 2010). In contrast to the wind stilling at the surface, no or much weaker trends
were found for lower tropospheric winds from balloon data or reanalyses. Allen and Sherwood (2008)
diagnosed significantly increasing vertical wind shear of up to 1 m/s per decade in the subtropics for the
period 1979-2005, which has implications for upper tropical tropospheric temperature trends (see Section
2.2.5.6). However, systematic trend analyses of radiosonde winds are lacking.

Trends in upper-air winds in the extratropics from reanalysis data sets are studied mostly in the context of
trends in the jet streams and storms. These studies are discussed in Sections 2.6.6. and 2.7, respectively.

2.6.4 Tropospheric Geopotential Height and Tropopause

Changes in GPH, which can be addressed using radiosonde data or reanalysis data, are an integral picture of
SLP and temperature changes in the atmospheric levels below. At the same time the spatial gradients of the
trend reflects changes in the upper-level circulation. Box 2.2, Figure 1 shows trends in 500 hPa GPH from
1970 to 2008 for May-October (left) and November-April (right). It shows the decrease in tropospheric GPH
at southern high latitudes that was noted in AR4 and is also found in radiosonde data (Forster et al., 2011),
whereas increasing GPHSs are found over the subtropics (especially the Mediterranean region), the tropics
and in some areas of the northern extratropics. The high-latitude trends indicate changes in the polar vortices.
Neff et al. (2008), analysing radiosonde data over the period 1957-2007, find asymmetric 500 hPa GPH
trends over Antarctica, with falling GPH at East Antarctic stations in December-May, rising GPH over West
Antarctica in May-December, and increasing GPH at the South Pole in all months. Over the Arctic (60°-
90°N) from 1979 to 2003, tropospheric GPHs from radiosonde data decreased in winter and increased in fall
(Forster et al., 2011). Angell (2006) found similar trends in NNR from 1963 to 2001.

Changes in the tropopause affect trace gas transport, chemistry, and radiative processes. Specifically,
changes in the cold point temperatures near the tropical tropopause largely control stratospheric humidity
(see Fueglistaler et al., 2009). Based on radiosonde data, Randel et al. (2006) found a decrease of tropical
tropopause temperatures between the periods 1994—2000 and 2001-2004, which is consistent with changes
in tropical upwelling (see Section 2.6.8.). However, trends in tropopause temperature are generally
considered uncertain (Fueglistaler et al., 2009). Trends in tropopause altitude are discussed in the next
subsection.

2.6.,5 The Tropical Circulation

In this section we assess evidence for changes in the strength of the Hadley and Walker circulations as well
as the width of the tropical belt. Evidence for changes in the tropical circulation is based on radiosonde and
reanalyses data. Additionally, the tropical circulation imprints on other fields that are observed from space
(e.g., total ozone, outgoing long-wave radiation). To a limited extent, changes in the water cycle provide
constraints for changes in the tropical circulation (Schneider et al., 2010).
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As reported in AR4, Mitas and Clement (2005) found a strengthening of the northern Hadley circulation in
boreal winter in some, but not all data set. The two most widely used reanalysis data sets — NNR and ERA-
40 — both have demonstrated shortcomings with respect to tropical circulation, hence their long-term
changes in the Hadley circulation might be artificial (Hu et al., 2011; Mitas and Clement, 2005; Song and
Zhang, 2007). However, Broennimann et al. (2009) extended the study to additional reanalysis data sets
(20CR, JRA-25, ERA-Interim) and found a strengthening from the mid 1970s to 2008 (following a
weakening between the 1920s and 1970s). Sohn and Park (2010) found a strengthening of the Hadley
circulation in reanalyses and satellite-based humidity data from 1979 to the 2000s. Overall, the confidence in
trends in the strength of the Hadley circulation is low.

Vecchi et al. (2006) suggest a weakening of the Pacific Walker circulation based on changes of SLP
gradients across the Pacific from 1861 to 1992. Boreal spring and summer contribute most strongly to the
trend (Karnauskas et al., 2009). Nicholls (2008), over the period 1958-2007, finds an increasing trend in
SLP at Darwin, Australia, in March-September, but not November-February, when the Walker circulation is
strongest. Based on the vertical velocity at 500 hPa over the Pacific from various reanalysis data sets,
Broennimann et al. (2009) and Compo et al. (2011) find no change in the strength of the Walker circulation
in boreal winter over the past 100 to 140 years. Deser et al.(2010a), based on marine air temperature and
cloud cover over the Pacific, find a weakening of the Walker circulation during most of the 20th century to
be consistent with observations (see also Yu and Zwiers, 2010). However, since around 1980 the trend has
reversed (cf. equatorial SOI linear trends and evolution in Table 2.7 and Box 2.3 Figure 1). Sohn and Park
(2010) analysing water vapour flux from satellite and reanalysis data, find a strengthening of the Walker
circulation over the period 1979-2006 (see also Seager and Naik, 2011).

A suite of observed changes in atmospheric parameters suggest that the width of the tropical belt increased
from 1979 to the early 2000s (Forster et al., 2011; Hu et al., 2011; Seidel et al., 2008). Various surface,
upper-tropospheric, and stratospheric features have been used to distinguish the tropics from the extratropics,
and independent sources of evidence indicate an increase in the latitudinal extent of the tropics (see Figure
2.47). Evidence is strongest for the respective summer hemisphere.

Since 1979 the region of low column ozone values typical of the tropics has expanded in the NH (Hudson et
al., 2006). In parallel, the region of high tropical tropopause expanded poleward in both hemispheres (Birner,
2010; Seidel and Randel, 2007). Tropopause height trends suggest widening over a longer period (since
1960), but observational evidence is scantier (Birner, 2010; Seidel and Randel, 2007). Even during the
period since 1979, the magnitude of the tropopause-based estimate of widening depends on methodological
and data choices (Birner, 2010; Seidel and Randel, 2007).

The downward, outer branches of the Hadley cell, where deep clouds are relatively rare, have expanded
polewards, as seen in outgoing longwave radiation, a surrogate for cloudiness (Hu and Fu, 2007), as have the
associated regions of low precipitation and high surface pressure (Hu et al., 2011). Changes in the north-
south atmospheric mass flow independently support this finding (Hu and Fu, 2007; Hu et al., 2011).

The findings of tropical belt widening have uncertainties that have been only partially explored (Birner,
2010). However, the qualitative consistency of these observed changes in independent datasets suggests that
it is likely that the tropical belt has been widening. The widening amounts to about 2 and 5 degrees latitude
between 1979 and 2005 (Seidel et al., 2008).

[INSERT FIGURE 2.48 HERE]

Figure 2.48: Width of the tropical belt as seen in various observation-based data sets (Seidel et al., 2008).
[THIS IS A STRAWMAN FIGURE; | SUGGEST UPDATING IT AND ADDING INDICES ON STORM
TRACKS.]

2.6.6 Jets, Storm Tracks and Weather Types

[PLACEHOLDER FOR FIRST ORDER DRAFT]

2.6.6.1 Midlatitude and Subtropical Jets
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Subtropical and midlatitude (eddy-driven) jet streams are three-dimensional entities that vary meridionally
and vertically and hence are difficult to capture. GPH can be accurately determined from radiosonde
measurements, hence wind speed estimates using quasi-geostrophic flow assumptions are considered
reliable. However, a high vertical resolution is required. Using reanalysis data sets, it is possible to track 3-
dimensional jet variations by identifying a surface of maximum wind (SMW).

Prior to AR4, no global or hemispheric-scale studies of jet stream variability had been conducted; most work
was regional or dealt with overall vortex changes or large-scale patterns of trends in GPH. In NH summer,
subtropical jets have lowered significantly over most of the tropics and subtropics from 1958 to 2004,
particularly in the Eastern Hemisphere (Strong and Davis, 2006). Similar long-term trends in the SMW are
not evident in boreal winter, where interannual jet variability is linked to monthly variations in the Arctic
Oscillation or ENSO (Strong and Davis, 2008a).

Various analyses (from different reanalysis data sets that both include and exclude data from the pre-satellite
era) indicate that the jet streams (midlatitude and subtropical) have been moving poleward in most regions
(on both hemispheres) over the last three decades (Archer and Caldeira, 2008b; Fu et al., 2009b; Fu et al.,
2006; Strong and Davis, 2007). There is inconsistency with respect to speed trends based upon whether one
uses an SMW-based or isobaric-based approach (Archer and Caldeira, 2008a, 2008b; Strong and Davis,
2007, 2008b). In general, eddy-driven jets have become more common (and jet speeds have increased) over
Canada, the North Atlantic, and Europe (Barton and Ellis, 2009; Strong and Davis, 2007) — trends that are
coupled with regional increases in GPH gradients and circumpolar vortex contraction (Angell, 2006;
Frauenfeld and Davis, 2003). From a climate dynamics perspective, these trends are driven by regional
patterns of tropospheric and lower stratospheric warming or cooling and thus are coupled to large-scale
circulation variability. While jet speed trends are uncertain, it is likely that, at least in the NH, the jet core has
been contracting towards the pole since the 1970s.

2.6.6.2. Storm Tracks and Frequency of Cyclones

Storm tracks are regions of enhanced synoptic activity due to the passage of cyclones. The main storm tracks
stretch across the North Pacific, North Atlantic, and Southern Ocean. They are defined by applying band
pass filtering or cyclone tracking to daily or sub-daily SLP data (station data, gridded data, or reanalyses) or
to upper level fields from reanalyses. Trends have shown to be sensitive to the method (Raible et al., 2008).

In AR4 changes in storm tracks were assessed. A poleward shift of the NH storm track was found, however,
it was also noted that uncertainties are significant and that NNR and ERA-40 disagree in important aspects.
For the North Atlantic, studies based on reanalysis data (Schneidereit et al., 2007), SLP measurements from
ships (Chang, 2007a) and sea level time series (Vilibic and Sepic, 2010) further support a poleward shift of
the cyclone tracks from the 1950s to the early 2000s, with more wintertime high-latitude cyclones (see also
Sorteberg and Walsh, 2008) but fewer at mid-latitudes. This is consistent with changes in the NAO to which
the Atlantic storm track is associated (Schneidereit et al., 2007). However, storminess derived from SLP
station triangles in Europe from the 1870s to 2005 shows large decadal variations (Matulla et al., 2008). No
trend was found in North Atlantic polar lows based on a downscaling of NNR data (Zahn and von Storch,
2008) and in the North Pacific storm track based on reanalysis data (Mesquita et al., 2010) and ship-based
observations (Chang, 2007a). Simmonds et al. (2008) find no trend in Arctic cyclones in reanalyses in 1979-
2006.

Pezza et al. (2007a), using ERA-40 data, found a trend towards fewer but more intense storms in the
southern extratropics (40°-70°S) from 1957 to 2002 and an intensification of anticyclones. However, ERA-
40 and NNR differ with respect to SH storm tracks (Wang et al., 2006). A southward shift of the SH storm
track has been reported based on NNR data (Hope et al., 2006). A decrease in storminess at Cape Otway
(AUS) based on a 130-year long SLP time series is consistent with this interpretation (Alexander and Power,
2009).

2.6.6.3. Weather Types and Blocking

Changes in climate lead to or are driven by changes in weather. Changes in the frequency of weather types
are of interest since weather extremes can be associated to specific weather types. For instance, persistent
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blocking is held responsible for the 2010 heat wave in Russia .[(Dole et al., 2011)]. In practice, synoptic
classifications or statistical clustering (Philipp et al., 2007) are used to attribute the weather on a given day to
a weather type. In addition, feature-based methods (Croci-Maspoli et al., 2007a) are used to obtain measures
of the synoptic feature of interest. These methods require daily SLP fields or upper-level fields from
reanalyses.

In AR4, weather types were not assessed as such, but an increase in blocking frequency in the Western
Pacific and a decrease in North Atlantic was noted. Comparing synoptic weather classifications for Central
Europe for the two 30-year periods 1951-1980 and 1974-2003, Werner et al. (2008) found an increase of
anticyclonic weather types in summer and cyclonic weather types in winter. Trnka et al. (2009) also found an
increase by more than 80% of the frequency of drought-conducive weather types in central Europe from
1940-2005, with strongest changes during April to June. Applying a statistical clustering approach to daily
SLP fields for Europe from 1850 to 2003, Philipp et al. (2007) found trends towards more frequent westerly
circulation types and less frequent continental highs in winter, more frequent blocking over Great Britain in
spring, and a retreated Azores high in summer. The circulation types explain a significant amount of
temperature variability over Europe including trends. However, low-frequency variability in extreme indices
is governed by within-type variability rather than changes in frequency (Jacobeit et al., 2009).

Using a feature-based approach, Croci-Maspoli et al. (2007a) found negative trends of blocking in winter
over Greenland and in spring over the North Pacific during the period 1957-2001. Long-lasting blocking is
closely associated with circulation modes such as the NAO or the PNA (Croci-Maspoli et al., 2007b), which
is discussed in Section 2.6.9. For the SH, Dong et al. (2008) found a decrease in number but increase in
intensity of blocking days over the period 1948 to 1999.

2.6.7  Stratospheric Circulation

The stratosphere is coupled with the troposphere through fluxes of radiation, momentum, and mass. The
most relevant characteristics of stratospheric circulation for climate and for trace gas distribution are the
winter polar vortices, the Quasi-Biennial Oscillation, and the Brewer-Dobson circulation (BDC). Radiosonde
observations (GPH and wind) and circulation diagnostics from reanalysis data sets are used to assess
stratospheric circulation. Indirect evidence comes from space-borne trace gas observations.

Changes in the stratospheric circulation have been assessed in AR4 and more recently in the WMO
assessment of ozone depletion (Forster et al., 2011). It was noted that detection of long-term changes is
difficult because wind observations are sparse and not homogenised and indirect evidence for changes in the
stratospheric circulation carry large uncertainties. A significant decrease in lower-stratospheric GPH in
summer over Antarctica was found in AR4 and further corroborated in Forster et al. (2011), whereas trends
in the Northern Polar vortex were considered uncertain due to its large variability.

This assessment has not changed since. Cohen et al. (2009) report an increase in number of stratospheric
sudden warmings (rapid warmings of the middle stratosphere accompanied by a collapse of the polar vortex
and reversal of the flow) during the last two decades. However, interannual variability in the Arctic polar
vortex is large and the uncertainties in the data products high (Tegtmeier et al., 2008). Langematz and Kunze
(2008) find a strong dependence of stratospheric GPH trends over the Arctic on the time period, while the
deepening of the Antarctic vortex was found to be more robust.

2.6.8 Brewer-Dobson Circulation

The BDC or stratospheric overturning circulation transports air upward in the tropics, poleward in the
extratropics, and downward at middle and high latitudes. The BDC is relevant for the transport of trace gases
and water vapour and affects their chemical and transport lifetime. However, the BDC is only indirectly
observable via wave activity fluxes (which according to the current understanding are a major driver of the
BDC), via the distribution of trace gases, or via determination of the “age of air” (i.e., the time an air parcel
has resided in the stratosphere after its entry from the troposphere). All of these methods are subject to
considerable uncertainties, and they might shed light only on some aspects of the BDC. For instance, wave
activity fluxes can be estimated from reanalysis data, however it is not clear whether long term trends are
accurate. Randel et al. (2006), using observational data, found a sudden change in lower stratospheric water
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vapour and ozone around 2001 that is consistent with an increase in the mean tropical upwelling [(see also
Rosenlof and Reid, 2008)]. Engel et al. (2009) found no change in the age of air from measurements of
chemically inert trace gases from 1975-2005, which however does not rule out trends in the lower
stratospheric branch of the BDC (Bonisch et al., 2009). Hence, while an acceleration of the ascent in the
tropical lower stratosphere to date is a robust feature of chemistry-climate models (Li et al., 2009), this has
not been confirmed by observations and the responsible mechanisms remain unclear (Forster et al., 2011).

[START BOX 2.3 HERE]
Box 2.3: Patterns and Indices of Climate Variability

Some traditional and some newer indices of climate variability are defined in the Box 2.3, Table 1 and are
illustrated by the figures embedded therein. Only those indices are included, which (1) have been used by a
variety of authors, (2) are defined relatively simply from raw or statistically analyzed observations of a
single climate variable, (3) are based on a surface variable, so that observational data sets longer than a
century exist (with an exception of PNA and AAO that are defined on the basis of 500 and 850 hPa GPH,
respectively). Multiplicity of indices used for the same climate phenomenon is due to the fact that in the real
climate system and with the observational record of limited length and quality, no index can perfectly
separate a target phenomenon from all other effects. As a result, each index is affected by many climate
phenomena; their relative contributions to the index variance change with time periods and data used.
Researchers are choosing indices that they hope are most appropriate for the goals of their projects.

[INSERT BOX 2.3, TABLE 1 HERE]

Box 2.3, Table 1: Established indices of climate variability with global or regional influence. Columns are: (1) name of
a general climate phenomenon, (2) name of a specific index intended to describe it, (3) index definition, (4) primary
reference, (5) Figures in this Box, if any, illustrating this index and/or corresponding spatial pattern, (6) Sections of the
report using this index, (7) characterization of the index or its corresponding spatial pattern as an optimal or dominant
pattern of variability, and (8) Comments.

[INSERT BOX 2.3, FIGURE 1 HERE]

Box 2.3, Figure 1: Selected indices of ENSO as defined in Box 2.3, Table 1. To ease visual comparison,
sign is inverted for all SOI versions; 13-month-running-means filter is applied to all indices. SOls are
standardized over 1971-2000 period by construction; temperature-based indices NINO3.4 and ENSO
Modoki Index (EMI) are standardized here over the same period. Their standardization factors (in units of
1/°C) are specified in the legend.

[INSERT BOX 2.3, FIGURE 2 HERE]

Box 2.3, Figure 2: ENSO-related variability patterns in SST, MSLP, and rainfall corresponding to the three
of ENSO indices shown in Box 2.3, Figure 1: NINO3.4, Troup SOI, and EMI. Patterns are obtained by
regressing monthly mean fields of these variables on each of the indices. HadlISST1 and HadSLP2r for
1901-2010 period are used for SST and MSLP data respectively, and Xie and Arkin’s CMAP precipitation
data set is used for the rainfall fields (January 1979 — August 2009). Units of regression patterns for SST,
MSLP, and rainfall, on either of temperature indices (NINO3.4 and EMI) are unitless, mb/°C, and
mm/day/°C, respectively, and °C, mb, and mm/day per one standard deviation for SOI. Regression patterns
on NINO3.4 and SOl are very similar: these are viewed as traditional ENSO impact patterns. Patterns
corresponding to EMI are somewhat different, since the EMI indexes a non-canonical type of El Nifio:
Modoki, or Central Pacific EIl Nifio.

[INSERT BOX 2.3, FIGURE 3 HERE]

Box 2.3, Figure 3: Selected indices of NAO and AO (a.k.a. NAM) as defined in Box 2.3, Table 1. Station-
based (Lisbon/Ponta Delgada minus Stykkisholmur/Reykjavik) and PC-based NAO indices are according to
Hurrell (1995a), and AQ index is computed by CPC on the basis of NCEP/NCAR Atmospheric Reanalysis.
All indices are standardized for the 1971-2000 period. The last value in the plot corresponds to the 2009—
2010 DJFM average is formally a record low in the data interval 1865 to present that is shown here (although
it is very close to the previous record, set in 1880-1881 winter). The 2010-2011 DJFM value (not shown) is
expected to be similarly low.
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[INSERT BOX 2.3 FIGURE 4 HERE]

Box 2.3, Figure 4: NAO- and AO-related variability patterns in the SST and MSLP. The patterns are
obtained by regressing monthly mean fields of these variables on the NAO station-based index from Hurrell
(1995a) and the AO index from the CPC. Regressions are performed for the DJFM averages. HadISST1 and
HadSLP2r for 1901-2010 period are used for the SST and MSLP data, respectively. Units in the regression
patterns for SST and MSLP are °C/s.d and mb/s.d., respectively.

[PLACEHOLDER FOR FIRST ORDER DRAFT: INSERT A FEW MORE FIGURES HERE,
CURRENTLY IN PREPARATION, TO ILLUSTRATE OTHER MODES.]

[END BOX 2.3 HERE]

2.6.9 Changes in Indices of Climate Variability

Traditional indices of climate variability index natural modes of climate variability. While it is expected that
significant amounts of anthropogenic warming might cause systematic changes in index values or in the
character of their variability, definite inferences about such occurrences in observational data sets are not
easy to make, especially when the records are relatively short, prone to error, and when indices are subject to
the natural multidecadal variability. In AR4 patterns of atmospheric circulation variability were assessed in
detail. Multidecadal variability was found in patterns referring to Pacific and Atlantic SSTs. The NAO and
SAM were found to exhibit increasing trends (strengthened midlatitude westerlies) from the 1960s to 1990s,
but have returned to near their long-term mean state thereafter.

Table 2.7 summarizes observed changes in the most prominent indices of climate variability. Bunge and
Clarke (2009) find an increase in the NINO3.4 index since about 1870s. However, the sign of trends in east-
west SST gradient across the Pacific remains ambiguous (Bunge and Clarke, 2009; Deser et al., 2010a;
Karnauskas et al., 2009; Vecchi and Soden, 2007) and SST data sets differ with respect to trends in the
tropical equatorial Pacific (Deser et al., 2010a; Karnauskas et al., 2009; Vecchi et al., 2008). Indeed,
NINO3.4 computed on the basis of a well-established ERSSTv3b analysis of SST shows significant
increasing trends in the periods from 1876 to 1990 and further, while NINO3.4 computed from HadISST1,
another well-established analyzed SST data set, does not show significant trends of any sign in multidecadal
periods (Table 2.7). Power and Smith (2007) found that the period 1977-2006 showed the lowest SOI, the
highest recorded value in mean sea-level pressure at Darwin, the weakest equatorial surface wind-stresses
and the highest tropical sea-surface temperatures on record. The formal veracity of this statement is
supported by visual inspection of Box 2.3, Figure 1, however, high level of variability obvious in this plot
suggest caution in interpreting such observed changes as secular variability.

In addition to possible changes in the mean values of climate indices, changes in the nature of variability are
also possible. In particular, attempts to identify changes in the character of ENSO variability were always
getting a lot of attention but resulting in a limited success. In the recent years, however, starting from the
work by Larkin and Harrison (2005) and Ashok et al. (2007), a different type of El Nifio events (dateline El
Nifio, Central Pacific El Nifio, or Modoki) has been identified that appeared more frequently from the mid-
20th century on (Lee and McPhaden, 2010). The influence of this type of SST anomaly on the atmosphere
appears to be different from that of the canonical ENSO SST (Ashok and Yamagata, 2009; Kim et al., 2009;
Weng et al., 2009).

PDO and IPO indices show changes since 1980s that are consistent with the discussion in Section 2.6.1. This
change, and the teleconnection between the Equator and midlatitudes is likely responsible for reverting the
trends in the Walker Circulation (Section 2.6.5), which was reported to have slowed down before 1992, but
now seems to have sped up again. Specifically, in the period 1876-1990 equatorial SOl was decreasing with
a linear trend of -0.047 + 0.016 s.d. per decade, i.e. was significant at 0.3% level (Table 2.7) in a standard
two-sided Student’s t test. Since this decrease was reverted after 1990 (Box 2.3, Figure 1), the trend for the
entire period 1876—-2010 reduced to -0.026 + 0.016 s.d. per decade, which is not significant even at the 5%
level.
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The observed detrended multidecadal SST anomaly averaged over the North Atlantic is often called Atlantic
Multidecadal Oscillation (AMO, see Box 2.3, Table 1) and has significant regional and hemispheric climate
impacts. Warm AMO phases occurred during in the late 19th century, in 1925-1965 and since 1995, cold
phases occurred during 1900-1925 and 1965-1995. The Atlantic “Nifio” mode reflects the east-intensified
warming, related to the weakening of the Atlantic equatorial cold tongue over the last 60 years that

[Tokinaga and Xie (2011b)] identified and interpreted.

The NAO is the most important variability mode for large parts of the northern extratropics (Hurrell et al.,
2003). An increasing trend in the NAO index from the 1960s to the 1990s that has stimulated NAO-related
research (Stephenson et al., 2003) has reversed since (Osborn, 2011) so that no trend appears over the past
40 years. In contrast, the SAM has continued its upward trend that was noted in AR4, peaking in a record
high SAM index in austral winter 2010. Fogt et al. (2009) find a positive trend in the SAM index from 1957
to 2005, Visbeck (2009), in a station-based index, finds an increase in recent decades (1970s to 2000s).

Table 2.7, Part 1: [Other three parts of this table, as listed below, for (2) NAO, PNA, annular modes; (3) decadal and
longer variability, and (4) tropical Atlantic and Indian Ocean variability are under calculation] Trends in different

periods for ENSO-related indices from Box 2.3, Table 1. Trends are computed by ordinary least squares regression of
annual means of indices on the time axis; one standard deviation uncertainty is reported as well. Provisions to account
for sequential correlations by reducing estimated number of degrees of freedom were not made. Trend values that are
formally significantly different from zero at 5% and 1% level are underlined and shown in bold, respectively.

Climate Pheno-  |Index name Data set used Lin trends for annual averages of index in different time intervals, using OLS, no DF reduction:
menon for (_:alculating reported as a slope of index units per decade + 1 error s.d.
the index 1876--2010  |1876--1950  |1876--1970  |1876--1990  |1950--2010  |1970--2010
El Nifio — NINO3 HadISST1 0.009+ 0.013 |-0.005+ 0.029 |-0.008+ 0.021 [0.001+0.016 [0.056+ 0.046 |0.030+ 0.088
g‘;‘;mg?on NINO3.4 HadISST1 0.006+ 0.012 |-0.001+0.029 [0.003+0.020 |-0.001+ 0.016 |0.038+0.043 |0.045+ 0.084
(ENSO) - ERSSTv3b 0.046+ 0.013 |-0.012+0.030 |0.030+0.021 [0.034+ 0.016 [0.072+0.045 |0.106+ 0.084
canonical, Eastern o1 Tongue HadISST1 -0.030+ 0.011 |-0.025+ 0.026 |0.031+0.018 |-0.030+0.014 |-0.011+0.038 |-0.043+ 0.073
Pacific ENSO Index (CTI)
Troup SOI BOM-computed |0.009+ 0.013 |-0.010+ 0.032 |-0.007+0.021 |0.002+ 0.016 |0.056+ 0.044 |0.026+ 0.084
*(-1)
SOl *(-1) BOM Darwin  |0.008+0.013 {0.010+0.031 |-0.006+0.021 |0.003+0.016 |0.048+0.042 |0.013+0.081
and Tahiti
records
Darwin SOI *(-1) [BOM Darwin  [0.011+0.012 (-0.024+0.028 |0.020+0.019 |-0.006+ 0.015 |0.102+ 0.038 |0.102+ 0.073
record
Equatorial SOl  |HadSLP2r 0.026+ 0.014 |0.056+ 0.028 |0.040+ 0.020 [0.047+0.016 |[-0.022+ 0.051 |-0.176+ 0.099
(EQSOI) *(-1)
Central Pacific El |EIl Nifio Modoki |HadISST1 -0.006+ 0.007 |0.015+0.013 [0.021+ 0.009 [-0.003+ 0.008 |-0.034+ 0.027 |0.016 +0.054
Nifio (Modoki) Index (EMI)

Table 2.7. Part 2: [PLACEHOLDER FOR FIRST ORDER DRAFT] Trends in different periods for NAO, PNA, and
annular mode indices from Box 2.3, Table 1.

Table 2.7. Part 3: [PLACEHOLDER FOR FIRST ORDER DRAFT] Trends in different periods for indices of decadal,
interdecadal, and multidecadal variability (PDO, IPO, and AMO) from Box 2.3, Table 1.

Table 2.7. Part 4;: [PLACEHOLDER FOR FIRST ORDER DRAFT] Trends in tropical Atlantic and Indian ocean
variability indices from Box 2.3, Table 1.

2.6.10 Synthesis

Changes in atmospheric circulation are relevant for local climate change. Although new and improved data
sets (e.g., reanalyses) are now available, changes in the large-scale atmospheric circulation remain difficult
to detect. Apart from remaining problems in the data sets, this is due to a large variability on decadal time
scales. In fact, many trends features that appeared from the 1950s to 1990s (e.g., an increase in the NAO
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index or a weakening of the Pacific Walker circulation) have reversed in more recent periods. This is
important as many studies are based on ERA-40 over the period 1957-2001 and thus represent the former
period. The trend in the winter NAO index, estimated from Hurrell (1995a) Lisbon—Stykkisholmur station
data record, for instance, was 0.041 + 0.012 s.d. per decade during the 1957-2001 period, i.e. was highly
significant with p<0.001, whereas in the last two decades (1989-2011, i.e., the period currently covered by
ERA-Interim) it reversed to -0.086 + 0.039 s.d. per decade, which incidentally, can be viewed as
“significant,” with 2.7% significance level, despite the shortness of the time period (Box 2.3, Figure 3, Table
2.7 Part 2).

Several changes could nevertheless be found, including a poleward motion of zonal mean circulation
features (widening of the tropical belt, poleward shift of storm tracks and jet streams, contraction of the polar
vortex) since the 1960s or 1970s and a strengthening of the SAM since the 1970s.

2.7 Changes in Extreme Events

The AR4 (Trenberth et al., 2007) highlighted the importance of understanding changes in extreme climatic
events given their disproportionate impact on society and ecosystems compared to changes in mean climate
(see also WGII AR4). More recently a comprehensive review of observed changes in extreme events was
undertaken by the IPCC SREX report [(Nicholls et al., 2011)]. The SREX defines extreme weather and
climate events as those which occur above (or below) a threshold value near the upper (or lower) ends
(“tails™) of the range of observed values of a given climate variable. Definitions of thresholds vary, but
values with less than a 5% or 1% or even lower chance of occurrence during a specified reference period
(generally 1961-1990) are often used. Absolute thresholds (rather than relative thresholds based on the range
of observed values of a variable) can also be used to identify extreme events. The definition of an extreme
climate event will vary from place to place in an absolute sense (e.g., a hot day in the tropics will be a
different temperature than a hot day in mid latitudes). Extremes in some climate variables (e.g., drought or
flood) may not necessarily be induced by extremes in meteorological variables (precipitation, temperature),
but may be the result of an accumulation of moderate weather or climate events.

Since errors in long-term climate data are likely to show up as “extreme” and some variables are particularly
sensitive to changing measurement practices over time, data availability, quality and consistency are of
particular importance for the analysis of extreme events. For example, the historical tropical cyclone records
are known to be heterogeneous due to changing observing technology and reporting protocols (e.g., Landsea
et al., 2004). Further heterogeneity is introduced when records from multiple ocean basins are combined to
explore global trends because data quality and reporting protocols vary substantially between regions (Knapp
and Kruk, 2010). In addition, it has been difficult to provide a precise definition of an extreme (e.g.,
Stephenson et al., 2008) because events can vary between locations and can depend on the application for
which analysis is required. For example, it has been difficult to define a universally valid critical threshold
globally for defining a heat wave and differences exist between impact-dictated definitions (e.g., mortality
rates) and physical definitions (e.g., temperature threshold and duration-driven definitions). Generally
definitions have consisted of a certain number of consecutive days with temperatures exceeding percentile-
based or fixed temperature thresholds (see Box 2.4). However these definitions can be complicated by the
changing nature of the statistical properties of the probability distributions of a given climate variable
particularly as might occur under non-stationary climate conditions. Many studies have shown that changes
in probability distribution functions associated with changes in variance or skewness can be as or more
important than changes in the mean. Subsequently, in the following sections we assess the conclusions from
both AR4 and SREX and comment on studies subsequent to that assessment.

[START BOX 2.4 HERE]

Box 2.4: Extremes Indices

A large amount of the available scientific literature on climate extremes is based on the use of so-called
“extreme indices”, which can either be based on the probability of occurrence of given quantities or on

threshold exceedances. Typical indices that are seen in the scientific literature include the number,
percentage or fraction of cold/warm days/nights (days with maximum temperature, Tmax or minimum
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temperature, Tmin, below or above the 10th percentile, or the 90th percentile, generally defined with respect
to the 1961-1990 reference time period). Other definitions relate to e.g., the number of days above specific
absolute temperature or precipitation thresholds, or more complex definitions related to the length or
persistence of climate extremes. Some advantages of using predefined extreme indices are that they allow
some comparability across modelling and observational studies and across regions. Moreover, in the case of
observations, derived indices may be easier to obtain than is the case with daily temperature and
precipitation data, which are not always distributed by meteorological services. Peterson and Manton (2008)
discuss collaborative international efforts to monitor extremes by employing extreme indices. Typically,
although not exclusively, extreme indices used in the scientific literature reflect “moderate” extremes, e.g.,
events occurring as often as 5% or 10% of the time. More extreme “extremes” can be better investigated
using Extreme Value Theory. Extreme indices are more generally defined for (daily) temperature and
precipitation characteristics, and are rarely applied to other weather and climate variables, such as wind
speed, humidity, or physical impacts and phenomena. Some examples are available in the literature for wind-
based (Della-Marta et al., 2009) and pressure-based (Beniston, 2009) indices, for health-relevant indices
combining temperature and relative humidity characteristics (e.g., Diffenbaugh et al., 2007; Fischer and
Schar, 2010), and for a range of dryness indices.

[END BOX 2.4 HERE]

2.7.1 Temperature

The AR4 (Trenberth et al., 2007) concluded that it was very likely that over 70% of the global land area had
seen a decrease in cold extremes including frosts and an increase in warm extremes since 1951. Globally
warm spells and heat waves were likely to have exhibited an increase over a similar period with some
changes in inter-seasonal variability of cool and warm seasons in Central Europe. Subsequently the SREX
[(Nicholls et al., 2011)] came to similar conclusions based on more recent available evidence and the level of
confidence in these statements remains high.

Globally, significant increases in warm nights and significant decreases in cold nights have been detected
since about 1950. Alexander et al. (2006) found that over 70% of the global land area sampled showed a
significant decrease in the annual occurrence of cold nights and a significant increase in the annual
occurrence of warm nights. While this could imply a positive shift in the location of the distribution of daily
minimum temperature (Tmin) throughout the globe, changes in variance and skewness also play an
important role in these changes (e.g., Ballester et al., 2010; Brown et al., 2008; Caesar et al., 2006; Della-
Marta et al., 2007b; Orlowksy and Seneviratne, submitted). Changes in the occurrence of cold and warm
days also show warming, but generally less marked except in some regions where the El Nifio Southern
Oscillation tends to dominate maximum temperature variability (e.g.,[Alexander et al., in preparation]). This
is consistent with Tmin increasing more than maximum temperature (Tmax), leading to a reduction in
diurnal temperature range (DTR) since 1951 in many regions (see Section 2.2.1.1). Some regions have
experienced close to a doubling (or halving) of the occurrence of warm and cold nights e.qg., parts of the
Asia-Pacific region (e.g., Choi et al., 2009), parts of Eurasia (e.g., Klein Tank et al., 2006) although this is
not the case across all regions. Recent studies covering central and eastern Europe (Bartholy and Pongracz,
2007; Kurbis et al., 2009), the Tibetan Plateau (You et al., 2008) and China (You et al., 2010), and North
America (Peterson and Manton, 2008), show significant increases in unusually warm nights and days and a
reduction in unusually cold nights and days. Parts South America indicate similar trends in these indices
(e.g., Marengo et al., 2009) although a study for Uruguay (Rusticucci and Renom, 2008) suggests more
complex trends in the region, with a reduction of cold nights, a positive but not significant trend in warm
nights, non-significant decreases in cold days, and inconsistent trends in warm days. Changes in both local
and global sea surface temperature patterns and large scale circulation patterns have been shown to be
associated with regional changes in temperature extremes (e.g., Alexander and Arblaster, 2009; Barrucand et
al., 2008) particularly in regions around the Pacific Rim (Kenyon and Hegerl, 2008). Record daily maximum
temperatures averaged across the USA now outnumber record daily minimum temperatures by a ratio of 2:1
in recent decades compared to preceding decades (Meehl et al., 2009) while in Australia, Trewin and
Vermont (2010) found a marked tendency for low temperature records to outnumber high temperature
records in the 1957-66 decade, and for high temperature records to outnumber low temperature records in
the 1997-2009 period. While SREX did not assess the occurrences of frosts, globally the annual occurrence
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of frost days and ice days are likely to have decreased since 1951 over those parts of the globe where this
index can be defined (Alexander et al., 2006) with century long decreases observed in some mid-latitude
regions of the Northern Hemisphere (Qian et al., 2010). Globally, there are likely to have been large-scale
warming trends in the extremes of temperature, especially minimum temperature, since the beginning of the
20th century (Horton et al., 2001); [CLIMDEX reference needed]. There are still however large data sparse
areas on the globe e.g., central Africa. Collaborative international efforts have been established to fill in
some of this regional detail (Peterson and Manton, 2008) which generally indicate trends consistent with
global analyses e.g., Aguilar et al. (2009) showed that in western central Africa there had been a decrease in
cold extremes and an increase in warm extremes since the mid-1950s.

Warm spells or heat waves containing a series of consecutive extremely hot days or nights, have
substantially larger impacts than individual hot days (Trenberth et al., 2007), although fewer studies have
investigated heat wave characteristics compared to changes in warm days or nights. Heat waves are often
associated with quasi-stationary anticyclonic circulation anomalies that produce subsidence, light winds,
clear skies, warm-air advection, and prolonged hot conditions at the surface [Black, 2004, Factors
contributing to the Summer 2003 European heat wave]. Long-term changes in the persistence of anticyclonic
summer circulation, which potentially have large effects on the duration of heat waves, are still relatively
poorly understood. Heat waves can also be amplified by pre-existing dry soil conditions in transitional
climate zones (Ferranti and Viterbo, 2006; Fischer et al., 2007b) resulting from a precipitation deficit (Della-
Marta et al., 2007b; Vautard et al., 2010; Vautard et al., 2007), low-cloudiness producing a higher
evaporative demand [Black, 2004, Factors contributing to the Summer 2003 European heat wave]; Fischer et
al., 2007a), and earlier vegetation onset (Zaitchik et al., 2006). This amplification of soil moisture-
temperature feedbacks is likely to have enhanced the duration of extreme summer heat waves in southeastern
Europe during the latter half of the 20th century (Hirschi et al., 2011).

Since AR4 many studies have analysed local to regional changes in more detail, specifically addressing
different heat wave aspects such as frequency, intensity, duration and spatial extent. Several studies suggest
that the increase in the temperature mean accounts for most of the changes in heat wave frequency and
duration (Ballester et al., 2010; Barnett et al., 2006). However, heat wave intensity/amplitude is highly
sensitive to changes in temperature variability and shape (Clark et al., 2006; Della-Marta et al., 2007a; Della-
Marta et al., 2007b; Fischer and Schar, 2010; Schar et al., 2004). Regional studies have generally found
statistically significant increasing trends in heat waves and decreasing trends in cold spells e.g., over USA
(Kunkel et al., 2008), China (Ding et al., 2010), Iran (Rahimzadeh et al., 2009), and Australia (Tryhorn and
Risbey, 2006). Over western Europe the length of summer heat waves has doubled in the period 1880 to
2005 (Della-Marta et al., 2007a). Across the eastern Mediterranean region pronounced changes have been
reported particularly after the 1960s, with average heat wave length increased by +0.85 £ 0.02 days per
decade, heat wave intensity by +1.33 + 0.06°C per decade, and heat wave number by +0.17 + 0.01 per
decade, respectively (Kuglitsch et al., 2010). Over the Iberian Peninsula warm spells increased throughout
the 20th century, a trend that intensified during recent decades at rates higher than those of cold spells
[Brunet, 2007, Long-term changes in extreme temperatures and precipitation in Spain]. Alexander and
Arblaster (2009) showed a substantial increase in warm spell duration over southeastern Australia between
1957 and 1999 while Choi et al. (2009) find an increase over much of the rest of Australia particularly in
Queensland. Over the United States there is a significant upward trend in heat wave occurrence since the
1960s (Karl et al., 2008). Over the 20th century as a whole however no significant trend is detected, as the
1930s remain the decade with the highest heat wave occurrence in the United States. However, while
daytime temperatures were extremely high in the 1930s, night-time temperatures were not as unusual (Karl
et al., 2008). Local increases in heat wave occurrence have also been reported for central America (Cueto et
al., 2010). Over Asia spatially consistent patterns of changes in warm spell duration were apparent over
roughly the past five decades (Choi et al., 2009), increasing by 1-6 days/decade in numerous homogenized
station series in Japan, Republic of Korea, China, Mongolia, Vietnam, Thailand, and Malaysia with only one
analyzed station in Asia showed a decrease in heat wave duration (Choi et al., 2009). A long station series
for Hong Kong showed a trend towards longer heat waves over the period 1885-2008 (Lee et al., 2011).
Significant increases in warm spell duration have further been identified at several weather stations in Iran
(Rahimzadeh et al., 2009). For Africa there is insufficient evidence regarding changes in heat waves.

In summary, analyses continue to support the AR4 and IPCC SREX conclusions that since 1950 it is very
likely that there has been an overall decrease in the number of unusually cold days and nights and an overall

Do Not Cite, Quote or Distribute 2-64 Total pages: 155



O©COoONO O, WN B

Zero Order Draft Chapter 2 IPCC WGI Fifth Assessment Report

increase in the number of unusually warm days and nights on the global scale, i.e., for land areas with data. It
is likely that such changes have also occurred at the continental scale in North America and Europe, and very
likely in Australia. There is medium confidence of a warming trend in temperature extremes in much of Asia.
There is low confidence in trends for Africa, because of lack of data and studies. In South America, lack of
data, and some inconsistencies between reported trends imply low confidence in some of the trends at the
continental scale. It is likely that the number of warm spells, including heat waves, have increased since the
middle of the 20th century in many (but not all) regions.

2.7.2 Hydrological Cycle

The Hydrological cycle refers to the continuous movement of water around the Earth. In Section 2.3 mean
state changes in all aspects of the hydrological cycle were discussed. In this section we focus on the more
extreme aspects of the cycle including extreme rainfall, snowfall and flooding. Droughts are discussed in
more detail in Section 2.3, and extreme events associated with tropical and extratropical storms are discussed
in Sections 2.7.3 and 2.7.4 respectively. The AR4 (Trenberth et al., 2007) concluded that it was likely that
annual heavy precipitation events had disproportionately increased compared to mean changes between 1951
and 2003 over many mid-latitude regions even where there had been a reduction in annual total precipitation.
Rare precipitation events were likely to have increased over regions with sufficient data since the late 19th
century. The SREX assessment supported this view as have subsequent analyses.

Given the diverse climates across the globe it has been difficult to provide a universally valid definition of
“extreme precipitation”. However, in general statistical tests indicate changes in precipitation extremes are
consistent with a wetter climate although with a less spatially coherent pattern of change than temperature
change, i.e., large areas showing both increasing and decreasing trends and a lower level of statistical
significance (e.g., Alexander et al., 2006).

Recent studies of heavy precipitation extremes in North America, indicate an increasing trend over the last
half century (DeGaetano, 2009; Gleason et al., 2008; Kunkel et al., 2008; Pryor et al., 2009) while results for
Central and South America indicate both positive and negative trends over a similar period. In more detail,
Peterson et al. (2008) reported that heavy precipitation has been increasing over 1950-2004 in Canada, the
U.S., and Mexico as well as the average amount of precipitation falling on days with precipitation.
(DeGaetano, 2009) showed a 20% reduction in the return period for extreme precipitation over 1950 to 2007
while Gleason et al. (2008) reported an increasing trend in the area experiencing a much above-normal
proportion of heavy daily precipitation from 1950 to 2006. Pryor et al. (2009) provided evidence of increases
in rainfall intensity above the 95th percentile during the 20th century, particularly at the end of the century.
The central plains/northwestern Midwest regions showed the largest trends towards increased annual total
precipitation, number of rainy days and intense precipitation (e.g., fraction of precipitation derived from
events in excess of the 90th percentile value). In northwest Mexico, statistically significant positive trends
were found in daily precipitation intensity and the seasonal contribution of daily precipitation greater than its
95th percentile in mountain sites for the period 1961-1998. However, no statistically significant changes
were found in coastal stations (Cavazos et al., 2008). Positive trends in extreme rainfall events were detected
in southeastern South America, north central Argentina, northwest Peru and Ecuador and Sao Paulo, Brazil
(Dufek and Ambrizzi, 2008; Marengo et al., 2009; Re and Barros, 2009) however negative trends were
observed in winter extreme precipitation in some regions (Penalba and Robledo, 2010).

Studies for European countries indicate general increases in the intensity and frequency of extreme
precipitation during the last four decades however with some inconsistencies between studies and regions.
For example, winter extreme precipitation has increased in Central-Western Europe and European Russia
(Zolina et al., 2008), but the trend in summer precipitation has been weak or not spatially coherent (Bartholy
and Pongracz, 2007; Costa and Soares, 2009; Durao et al., 2010; Kysely, 2009; Maraun et al., 2008; Moberg
et al., 2006; Pavan et al., 2008; Rodda et al., 2010; Zolina et al., 2008). Zolina et al. (2010) indicated that
there has been a 15-20% increase in the persistence of wet spells over most of Europe over the last 60 years
not associated with an increase of the total number of wet days. Increasing trends were found between 1901
and 2000 in 90th, 95th and 98th percentiles of daily winter precipitation (Moberg et al., 2006), which has
been confirmed by more detailed country-based studies for the United Kingdom (Maraun et al., 2008),
Germany (Zolina et al., 2008), Belgium (Ntegeka and Willems, 2008), Central and Eastern Europe (Bartholy
and Pongracz, 2007; Kysely, 2009), while decreasing trends have been found in some regions such as
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northern Italy (Pavan et al., 2008), Poland (Lupikasza, 2010) and some Mediterranean coastal sites (Toreti et
al., 2010). Uncertainties are overall larger in Southern Europe and the Mediterranean, where there is low
confidence in the trends.

Several recent studies focused on Africa, in general, have not found significant trends in extreme
precipitation (Aguilar et al., 2009; Kruger, 2006; New et al., 2006; Seleshi and Camberlin, 2006).
Observations at 143 weather stations in ten Asia-Pacific Network countries during 1955-2007 did not
indicate systematic, regional trends in the frequency and duration of extreme precipitation events (Choi et al.,
2009). However, other studies have suggested significant trends in extreme precipitation at sub-regional
scales in the Asia-Pacific region and during monsoon seasons over Indian subcontinent (Krishnamurthy et
al., 2009; Pattanaik and Rajeevan, 2010; Rajeevan et al., 2008; Sen Ray, 2009). Zhai et al. (2005) found
significant increases over the period 1951-2000 in extreme precipitation in western China, and in parts of the
southwest and south China coastal area, but a significant decrease in extremes is observed in north China and
the Sichuan Basin.

Fewer studies have focussed on heavy snowfall events although throughout the temperate and sub-polar
Northern Hemisphere, statistically significant decreases have generally been found during the latter part of
the 20th century with indications that an increasing proportion of heavy winter precipitation falls in the form
of rain instead of snow (e.g., Laternser and Schneebeli, 2003). However there are regional variations and in
China for instance, [Sun et al. (2010)] found intense snowfall events decreased over the latter part of the 20th
century in eastern China but increased in northern Xinjiang and the eastern Tibetan plateau. Averaged across
the United States, there does not appear to have been a statistically significant trend in the occurrence of
either high or low snowfall years based on over a century of record but there have been regional changes
(Kunkel et al., 2009). Most notable are large decreases in the frequency of low-extreme snowfall years in the
west north-central and east north-central US and large increases in the frequency of low-extreme snowfall
years in the Northeast, Southeast, and Northwest. These trends have been much more consistent during the
latter part of the 20th century.

Changes in droughts and drought-related variables such as soil moisture are covered in Section 2.3. IPCC
AR4 noted that while flood damage was increasing (Kundzewicz et al., 2007), there was not a general global
trend in the incidence of floods. There is however an abundance of evidence that there has been an earlier
occurrence of spring peak river flows in snow-dominated regions (Rosenzweig et al., 2007). For example,
Cunderlik and Ouarda (2009), find that snow-melt spring floods are coming significantly earlier in southern
Canada. While the most evident flood trends appear to be in northern high latitudes, where warming trends
have been largest in the observational record, there are regions where no evidence of a trend in extreme
flooding has been found (e.g., Shiklomanov et al., 2007) over Russia based on daily river discharge. Other
studies for Europe (e.g., Benito et al., 2005; Petrow and Merz, 2009) and Asia (e.g., Delgado et al., 2010;
Jiang et al., 2008) show evidence for upward, downward or no trend in the magnitude and frequency of
floods so we conclude that there is currently no clear and widespread evidence for observed changes in
flooding (except for the earlier spring flow in snow-dominated regions).

In summary, analyses continue to support the AR4 and IPCC SREX conclusions that it is likely that there has
been statistically significant increases in the number of heavy precipitation events (e.g., 95th percentile) in
more regions than there has been statistically significant decreases, but there are strong regional and
subregional variations in the trends. There is medium confidence that some regions have experienced more
intense and longer droughts since the 1950s (e.g., Southern Europe, West Africa, East Africa) but also
opposite trends exist in other regions (e.g., Central North America, Northwestern Australia). There continues
to be a lack of evidence regarding the sign of trend in the magnitude and/or frequency of floods on a global
scale although there is high confidence for earlier spring flow in snow-dominated regions.

2.7.3 Tropical Storms

The AR4 concluded that it was likely that a trend had occurred in intense tropical cyclone activity since 1970
in some regions (IPCC, 2007b). In more detail it was stated that “there is observational evidence for an
increase in intense tropical cyclone activity in the North Atlantic since about 1970, correlated with increases
of tropical SSTs. There are also suggestions of increased intense tropical cyclone activity in some other
regions where concerns over data quality are greater. Multi-decadal variability and the quality of the tropical
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cyclone records prior to routine satellite observations in about 1970 complicate the detection of long-term
trends in tropical cyclone activity. There is no clear trend in the annual numbers of tropical cyclones”.
Subsequent assessments, including SREX, have somewhat revised these confidence estimates as follows.

There have been no significant trends observed in global tropical cyclone frequency records, including over
the present 40-year period of satellite observations (e.g., Webster et al., 2005). Regional trends in tropical
cyclone frequency have been identified in the North Atlantic, but the fidelity of these trends is debated
(Holland and Webster, 2007; Landsea, 2007; Landsea et al., 2006; Mann et al., 2007b). Different methods
for estimating undercounts in the earlier part of the North Atlantic tropical cyclone record provide mixed
conclusions (Chang and Guo, 2007; Kunkel et al., 2008; Mann et al., 2007a; Vecchi and Knutson, 2008).
Regional trends have not been detected in other oceans (Chan and Xu, 2009; Kubota and Chan, 2009). It thus
remains uncertain whether any reported long-term increases in tropical cyclone frequency are robust, after
accounting for past changes in observing capabilities (Knutson et al., 2010).

Whereas frequency estimation requires only that a tropical cyclone be identified and reported at some point
in its lifetime, intensity estimation requires a series of specifically targeted measurements over the entire
duration of the tropical cyclone (e.g., Landsea et al., 2006). Consequently, intensity values in the historical
records are especially sensitive to changing technology and improving methodology, which heightens the
challenge of detecting trends within the backdrop of natural variability. Global reanalyses of tropical cyclone
intensity using a homogenous satellite record have suggested that changing technology has introduced a non-
stationary bias that inflates trends in measures of intensity (Kossin et al., 2007), but a significant upward
trend in the intensity of the strongest tropical cyclones remains after this bias is accounted for (Elsner et al.,
2008). While these analyses are suggestive of a link between observed tropical cyclone intensity and climate
change, they are necessarily confined to a 30+ year period of satellite observations, and cannot provide clear
evidence for a longer-term trend.

Time series of power dissipation, an aggregate compound of tropical cyclone frequency, duration, and
intensity that measures total energy consumption by tropical cyclones, show upward trends in the North
Atlantic and weaker upward trends in the western North Pacific over the past 25 years (Emanuel, 2007), but
interpretation of longer-term trends is again constrained by data quality concerns. Since 2005, accumulated
cyclone energy, which is an integrated metric analogous to power dissipation, has been declining globally
and is presently at a 40-year low point (Maue, 2009). The present period of quiescence, as well as the period
of heightened activity leading up to a high point in 2005, do not clearly represent substantial departures from
past variability (Maue, 2009).

Based on research subsequent to the IPCC AR4, which further elucidated the scope of uncertainties in the
historical tropical cyclone data, the most recent assessment by the World Meteorological Organization
Expert Team on Climate Change Impacts on Tropical Cyclones (Knutson et al., 2010) does not conclude that
it is likely that annual numbers of tropical storms, hurricanes and major hurricanes counts have increased
over the past 100 years in the North Atlantic basin, nor does it conclude that the Atlantic Power Dissipation
Index increase is "likely substantial” since the 1950s and 1960s. The subsequent SREX forms a similar
assessment, which remains unchanged in the present assessment i.e. there is low confidence that any reported
long-term increases in tropical cyclone activity are robust, after accounting for past changes in observing
capabilities.

2.7.4 Extratropical Storms

The AR4 noted a likely net increase in frequency/intensity of Northern Hemisphere extreme extratropical
cyclones and a poleward shift in the tracks since the 1950s (Trenberth et al., 2007, Table 3.8), and report on
several papers showing increases in the number or strength of intense extratropical cyclone both over the
North Pacific and the North Atlantic storm track (Trenberth et al., 2007, p. 312), during the last 50 years.
SREX and subsequent studies appear to build evidence for these assertions.

Many studies on extratropical storms have necessarily been limited to the period covered by reanalysis data.
These have indicated a northward and eastward shift in North Atlantic cyclone activity during the last 60
years with both more frequent and more intense wintertime cyclones in the high-latitude North Atlantic
(Raible et al., 2008; Schneidereit et al., 2007; Vilibic and Sepic, 2010; Wang et al., 2006; Weisse et al.,
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2005) and fewer (Raible et al., 2008; Wang et al., 2006) in the mid-latitude North Atlantic. The increase in
high-latitude cyclone activity was also reported in several studies of Arctic cyclone activity (Sorteberg and
Walsh, 2008; Zhang et al., 2004a). There are inconsistencies among studies of extreme cyclones in
reanalyses, since some studies show an increase in intensity and number of extreme Atlantic cyclones (Geng
and Sugi, 2001; Paciorek et al., 2002) while others show a reduction (Gulev et al., 2001). Problems with
reanalyses are particularly pronounced in the Southern Hemisphere (Hodges et al., 2003; Wang et al., 2006).

Studies using long homogenous historical records of European storminess proxies show no clear trends over
the last century (Allan et al., 2009; Barring and Fortuniak, 2009; Hanna et al., 2008; Matulla et al., 2008) or
the period for which reanalysis data exist (Della-Marta et al., 2009; Raible, 2007). Studies using wind
proxies in the North Atlantic and Europe indicate that there is a tendency for increased storminess around
1900 and in the 1990s, while the 1960s and 1970s were periods of low storm activity (Allan et al., 2009;
Wang et al., 2009). Links identified between positive (negative) NAM/NAO to stronger (weaker)
Atlantic/European cyclone activity (e.g., Chang, 2009; Pinto et al., 2009) have proved to be somewhat
intermittent in a long historical context due to interdecadal shifts in the location of the positions of the NAO
pressure centres (Vicente-Serrano and Lopez-Moreno, 2008; Zhang et al., 2008).

In the North Pacific wintertime intense extratropical cyclone systems have increased in number and intensity
since the 1950s (Graham and Diaz, 2001; Raible et al., 2008; Simmonds and Keay, 2002) with increased
cyclone activity (Zhang et al., 2004a), but signs of some of the trends appeared dependent on the tracking
algorithms or reanalysis products used (Raible et al., 2008). A slight positive trend has been found in North
Pacific extreme cyclones (Geng and Sugi, 2001; Gulev et al., 2001; Paciorek et al., 2002). Using ship
measurements, Chang (2007b) found intensity related wintertime trends in the Pacific to be about 20-60% of
that found in the reanalysis. Using hourly tide gauge records at the western coast of the U.S. as a proxy for
storminess, an increasing trend was observed in the extreme winter non-tide residuals over the last decades
(Bromirski et al., 2003; Menendez et al., 2008). North Pacific cyclonic activity has been linked to tropical
SST anomalies (NINO3.4) and PNA (Eichler and Higgins, 2006; Favre and Gershunov, 2006; Seierstad et
al., 2007), showing that the PNA and NINO3.4 influence storminess, in particular over the eastern north
Pacific with an equatorward shift in storm tracks in the North Pacific basin, as well as an increase of storm
track activity along the U.S. East Coast during El Nifio events.

Based on reanalyses North American cyclone numbers have increased over the last 50 years, with no
statistically significant change in cyclone intensity (Zhang et al., 2004a). Hourly MSLP data from Canadian
stations showed that winter cyclones have become significantly more frequent, longer lasting, and stronger in
the lower Canadian Arctic over the last 50 years (1953-2002), but less frequent and weaker in the south,
especially along the southeast and southwest Canadian coasts (Wang et al., 2006). Further south, a tendency
toward weaker low-pressure systems over the past few decades was found for U.S. east coast winter cyclones
using reanalyses, but no statistically significant trends in the frequency of occurrence of systems (Hirsch et
al., 2001).

There are fewer studies of extratropical cyclone activity in Asia. Using ERA-40 reanalysis Wang et al.,
(2009) improved an algorithm by Geng and Sugi (2001) to show that the number of extratropical cyclones
has significantly decreased in lower latitude regions but has increased in the higher latitudes of northern East
Asia during 1958-2001. Other studies in this region using reanalyses indicate a decrease in extratropical
cyclone activity (Wang et al., 2009; Zhang et al., 2004a) over the same period with a possible northward
shift with increased cyclone frequency in the higher latitudes (50-45°N) and decrease in the lower latitudes
(south of 45°N). The lower latitude decrease was also noted by Zou et al. (2006b) who reported a decrease in
the number of severe storms for mainland China based on an analysis of extremes of observed 6-hourly
pressure tendencies over the last 50 years. Variation of the annual number of cyclones in northern East Asia
is associated with the mean intensity of baroclinic frontal zone, which is dominated by climate warming in
the higher latitudes. Moreover, the dipole structure of extratopical cyclone change, with increases in the
north and decreases in the south in northern East Asia, is related to the northward movement of a baroclinic
frontal zone at either side of 110E.

In the Southern Hemisphere, studies using in situ pressure observations indicate a significant decline in
storminess since the mid-19th century (Alexander and Power, 2009; [Alexander et al., 2011]), strengthening
the evidence of a southward shift in storm tracks previously noted using reanalyses (Fyfe, 2003; Hope et al.,
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2006). Frederiksen and Frederiksen (2007) linked the reduction in cyclogenesis at 30°S and southward shift
to a decrease in the vertical mean meridional temperature gradient. Pezza et al. (2007a) confirmed previous
studies using reanalysis showing a trend towards fewer and more intense low pressure systems. A study (Lim
and Simmonds, 2009) using the ERA-40 reanalysis instead of the NCEP reanalysis used in previous studies,
confirmed the trend towards more intense systems, but did not support the decrease in the number of
cyclones seen in previous studies, emphasising the weaker consistency among reanalysis products for the
Southern Hemisphere extratropical cyclones. Recent studies support the notion of more cyclones around
Antarctica when the Southern Annular Mode (SAM) is in its positive phase and a shift of cyclones toward
midlatitudes when the SAM is in its negative phase (Pezza and Simmonds, 2008). Additionally, more intense
(and fewer) cyclones seem to occur when the Pacific Decadal Oscillation (PDO) is strongly positive and vice
versa (Pezza et al., 2007Db).

In summary, research subsequent to the AR4 and SREX continues to support a likely poleward shift of
extratropical cyclones in addition to their intensification at high latitudes since the 1950s.

2.7.5 Severe Local Weather Events

Severe local weather events such as thunderstorms, tornadoes and hail storms are not well observed in many
parts of the world. Evidence for changes in the number or intensity of tornadoes is more likely to reflect
enhanced detection and reporting efficiency than any real trend [(Nicholls et al., 2011)]. In the light of the
very strong spatial variability of small-scale severe weather phenomena, the density of surface
meteorological observing stations connected to severe thunderstorm detection is too coarse to measure all
such events. Moreover, homogeneity of existing station series is questionable (Doswell et al., 2005). While
remote sensing techniques allow detection of thunderstorms even in remote areas, they do not always
uniquely identify severe weather events from these storms.

Alternatively, measures of severe thunderstorms or hailstorms can be derived by assessing the environmental
conditions that are favourable for their formation. Using this technique, [Brooks and Dotzek (2008)] found
significant variability but no clear trend in the past 50 years in severe thunderstorms in a region east of the
Rocky Mountains in the U.S. A decreasing trend was detected in number of thunderstorm days in China
between 1970 and 2006, especially in the Tibetan Plateau and southern China (Lin and Ou, 2008). Using
direct measurement of hail, Cao (2008) suggests an increasing frequency of severe hail events in Ontario,
Canada during 1979-2002. Kunz et al. (2009) found that hail days significantly increased during 1974-2003
in southwest Germany. In China between 1961 and 2005, the number of hail days was found to generally
decrease, with the highest occurrence in 1960s—-1980s but with a sharp drop since the mid-1980s [(CMA,
2007)].

Extreme wind events, which are often associated with tropical and extratropical cyclones, thunderstorm
downbursts and tornadoes, are regularly considered in this context. Wind speed thresholds are used to
characterize the severity of those phenomena (e.g., the Saffir Simpson scale for tropical cyclones). Changes
in wind extremes may occur from changes in the intensity or location of their associated phenomena or from
others changes in the climate system (e.g., a change in local convective activity). Recent studies that have
examined trends in wind extremes from observations tend to point to declining trends in extremes in mid-
latitudes (Pirazzoli and Tomasin, 2003; Pryor et al., 2007; Smits et al., 2005; Zhang et al., 2007b) and
increasing trends in high latitudes (Hundecha et al., 2008; Lynch et al., 2004; Turner et al., 2005). Other
recent studies have compared the trends from observations with reanalysis data and reported differing or
even opposite trends in the reanalysis products (e.g., McVicar et al., 2008; Smits et al., 2005). On the other
hand, declining trends reported by Xu et al. (2006b) over China were generally consistent with trends in
NCEP reanalysis. The accuracy of trends extracted from reanalysis products however remains a source of
debate since data assimilation methods can induce artificial trends (e.g., Bengtsson et al., 2004).

These differing conclusions from the study of small scale severe weather events indicate that there is still
insufficient evidence to determine whether robust global trends exist in these phenomena.

[START FAQ 2.2 HERE]
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FAQ 2.2: Is the Climate Becoming More Extreme?

While there is evidence that increases in greenhouse gases have likely caused changes in some types of
extremes, there is no simple answer to the question of whether the climate, in general, has become more or
less extreme. Both the terms ““more extreme™ and ““less extreme™ can be defined in different ways, resulting
in different characterizations of observed changes in extremes. Additionally, from a physical climate science
perspective it is difficult to devise a comprehensive metric that encompasses all aspects of extreme behaviour
in the climate.

One approach for evaluating whether the climate is becoming more extreme would be to determine whether
there have been changes in the typical range of variation of specific climate variables. For example, if there
was evidence that temperature variations in a given region had become significantly larger than in the past,
then it would be reasonable to conclude that temperatures in that region had become more extreme. More
simply, temperature variations might be considered to be becoming more extreme if the difference between
the highest and the lowest temperature observed in a year is increasing. According to this approach, daily
temperature over the globe may have become less extreme because there have generally been greater
increases in annual minimum temperatures globally than in annual maximum temperatures, over the second
half of the 20th century. On the other hand, one might conclude that daily precipitation has become more
extreme because observations suggest that the magnitude of the heaviest precipitation events has increased in
many parts of the world. Another approach would be to ask whether there have been significant changes in
the frequency with which climate variables cross fixed thresholds that have been associated with human or
other impacts. For example, an increase in the mean temperature usually results in an increase in hot
extremes and a decrease in cold extremes. Such a shift in the temperature distribution would not increase the
“extremeness” of day-to-day variations in temperature, but would be perceived as resulting in a more
extreme warm temperature climate, and a less extreme cold temperature climate. So the answer to the
question posed here would depend on the variable of interest, and on which specific measure of the
extremeness of that variable is examined. As well, to provide a complete answer to the above question, one
would also have to collate not just trends in single variables, but also indicators of change in complex
extreme events resulting from a sequence of individual events, or the simultaneous occurrence of different
types of extremes. So it would be difficult to comprehensively describe the full suite of phenomena of
concern, or to find a way to synthesize all such indicators into a single extremeness metric that could be used
to comprehensively assess whether the climate as a whole has become more extreme from a physical
perspective. And to make such a metric useful to more than a specific location, one would have to combine
the results at many locations, each with a different perspective on what is “extreme”.

Three types of metrics have been considered to avoid these problems, and thereby allow an answer to this
question. One approach is to count the number of record-breaking events in a variable and to examine such a
count for any trend. However, one would still face the problem of what to do if, for instance, hot extremes
are setting new records, while cold extremes were not occurring as frequently as in the past. In such a case
counting the number of records might not indicate whether the climate was becoming more or less extreme,
rather just whether there was a shift in the mean climate. Also, the question of how to combine the numbers
of record-breaking events in various extremes (e.g., daily precipitation and hot temperatures) would need to
be considered. Another approach is to combine indicators of a selection of important extremes into a single
index, such as the Climate Extremes Index (CEI) which measures the fraction of the area of a region or
country experiencing extremes in monthly mean surface temperature, daily precipitation, and drought. The
CEl, however, omits many important extremes such as tropical cyclones and tornadoes, and could, therefore,
not be considered a complete index of “extremeness”. Nor does it take into account complex or multiple
extremes, nor the varying thresholds that relate extremes to impacts in various sectors.

A third approach to solving this dilemma arises from the fact that extremes often have deleterious economic
consequences. It may therefore be possible to measure the integrated economic effects of the occurrence of
different types of extremes into a common instrument such as insurance payout to determine if there has
been an increase or decrease in that instrument. This approach would have the value that it clearly takes into
account those extremes with economic consequences. But trends in such an instrument will be dominated by
changes in vulnerability and exposure and it will be difficult, if not impossible, to disentangle changes in the
instrument caused by non-climatic changes in vulnerability or exposure in order to leave a residual that
reflects only changes in climate extremes. For example, coastal development can increase the exposure of
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populations to hurricanes; therefore, an increase in damage in coastal regions caused by hurricane landfalls
will largely reflect changes in exposure and may not be indicative of increased hurricane activity. Moreover,
it may not always be possible to associate impacts such as the loss of human life or damage to an ecosystem
due to climate extremes to a measurable instrument.

None of the above instruments has yet been developed sufficiently as to allow us to confidently answer the
guestion posed here. Thus we are restricted to questions about whether specific extremes are becoming more
or less common, and our confidence in the answers to such questions, including the direction and magnitude
of changes in specific extremes, depends on the type of extreme, as well as on the region and season, linked
1 with the level of understanding of the underlying processes and the reliability of their simulation in models.

[END FAQ 2.2 HERE]

2.8  Consistency Across Observations
[Note: consistency between sections to be discussed]

Three independently analyzed data products of the global mean surface temperature indicate that it is
virtually certain that the world has warmed since the mid-19th century. The best estimate for the warming
between 1860 and 2010 is [...°C % ...°C per decade]. The rate of warming in recent decades was
significantly higher [(...°C £ ...°C per decade after 1980)]. In each dataset, the decade 2001-2010 was the
warmest decade on record. Although far from completed, substantial efforts have been undertaken to expand
and improve digital archives and to identify and adjust for data biases since the ARA4.

Surface air temperatures over land have risen at about double the rate for sea surface temperature (SST) after
1979 [(...°C per decade vs. ...°C per decade)], with the greatest warming during winter (December to
February) and spring (March to May) in the Northern Hemisphere. Changes in extremes of temperature are
consistent with the warming, showing decreases in cold extremes and increases in warm extremes.

Urban heat island effects and land use change effects are likely to underlie about a quarter of the observed
warming trends in recent decades in areas with strong urbanization, including some regions of China.
However, the available evidence (which has substantially increased since the AR4) suggests with high
confidence that it is likely that the global land-based surface temperature trends are not biased more than
about 10% by urban heat effects or land use change effects.

Based upon multiple independent analyses from weather balloons, satellites and reanalyses it can be
concluded with very high confidence that it is virtually certain that globally the troposphere has warmed
since the mid-20th century. Lower-tropospheric temperatures have slightly greater warming rates than those
at the surface over the period 1958 to 2010. The satellite tropospheric temperature record is broadly
consistent with surface temperature trends. The likely magnitude of uncertainty in these trends has become
much more apparent since the ARA4.

Four independent observing technologies consistently indicate stratospheric cooling since the mid-20th
century, punctuated by episodic volcanic warmings in the low- to mid- stratosphere. Cooling of the lower
stratosphere is consistently estimated to have levelled off in the past decade.

Since the AR4 more spatially complete precipitation datasets have become available, which indicate that,
rather than the precipitation increase over land north of 30°N since the early 20th century and decrease in the
tropics since the 1970s reported in the AR4, the land data suggest little change in precipitation since 1900.
This is consistent with the most recent and comprehensive analyses of streamflow which do not support the
previous notion that there has been an increasing trend in global runoff associated with global warming
during the 20th century. The patterns of precipitation change are more spatially and seasonally variable than
temperature change. The decrease in annual precipitation in the Sahel region of Africa continues to be
significant.
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On a global scale, evapotranspiration increased from the early 1980s up to the late 1990s (at a rate of 0.6 W
m > per decade for the period 1982-2002). After 1998, an increase in moisture limitation in the Southern
Hemisphere has acted as a constraint to further increase of global evapotranspiration.

Absolute moistening has been widespread across the globe since the 1970s, with very high confidence.
However, over recent years this has abated over land, coincident with greater warming over land relative to
the oceans. This has resulted in fairly widespread decreases in relative humidity over land. Note that the AR4
reported a constant relative humidity instead. Whether the decrease reported here is part of a longer term
trend or merely a short lived feature remains to be seen.

Global satellite data for 1992—-2010 highlight a net decrease in stratospheric water vapour, primarily related
to a step-like decrease after 2001, with some increases in recent years. These observed variations are closely
linked to interannual changes in tropical tropopause temperatures. The available balloon observations show
significant differences from satellite observations for the overlap period, and cannot currently be explained
by tropical tropopause temperatures or methane oxidation.

While there is consistency in trends of cloud cover between independent data sets in certain regions,
substantial ambiguity remains in the observations of global-scale cloud variability and trends. What trends
do exist are likely to be within the range of uncertainties for both satellite and observational cloud data sets.

The globally averaged atmospheric abundance of CO, in 2009 was 386.3 £ 0.1 ppm. From 1980 to 2009 the
average rate of increase of CO, was 1.64 + 0.28 ppm yr, or about 0.43% yr™. During the past few decades
most of this increase is very likely from fossil fuel combustion.

The globally averaged atmospheric abundance of CH, was 1791.3 + 3.0 ppb in 2009. After 8 years of near-
constant atmospheric burden, CH,4 began increasing again in 2007, and this increase continues through 2009.
The causes of the increase are likely increased emissions from natural wetlands in the tropics and the Arctic
because of natural variations in temperature and precipitation and increased anthropogenic emissions.

The globally averaged atmospheric abundance of N,O in 2009 was 322.4 + 0.2 ppb. N,O continues to
increase at an average rate of about 0.8 ppb yr™.

Kyoto Protocol gases that contain fluorine (HFCs, PFCs, and SF) are increasing at relatively large rates,
although their contribution to total radiative forcing from LLGHGs is still small.

Atmospheric burdens of some gases whose emissions are controlled by the Montreal Protocol are decreasing
(CFCs), while others (HCFCs) are increasing at relative rates from 3 to 6% yr™.

After decreasing during 2000-2005, stratospheric H,O began increasing again in 2005, with increasingly
larger rates of increase at higher altitudes.

Ground based measurements of aerosol in North America and Europe indicate with high confidence
downward trends of inorganic (mainly SO,) aerosol, in the order of -3% yr™ over the last 2-3 decades. In
other parts of the world, coordinated surface aerosol measurements, which started at best early 2000s, do not
yet provide a clear picture regarding trends of PM2.5 or aerosol components. Long-term remote remote-
sensed datasets of aerosol indicate a decrease of AOD in the US and Europe, and Japan and continuing
increase over Eastern and Southern Asia since the 1980s, which is consistent with anthropogenic emission
temporal trends. Our knowledge on trends from remote sensing satellite is globally low, and in some regions
medium.

Several datasets in North America, Europe and Japan provide evidence that baseline surface ozone levels are
increasing with about 0.3-0.5% yr™ over the past decades. These increases are likely associated with changes
in pre-cursor emissions on the hemispheric scale, but the drivers behind ozone trends and variability on
various spatial and temporal scales are not completely understood.

Do Not Cite, Quote or Distribute 2-72 Total pages: 155



OCo~No ol wWNPE

Zero Order Draft Chapter 2 IPCC WGI Fifth Assessment Report

New measurements suggest that the total solar irradiance, averaged over a solar cycle is roughly 5 W m™
smaller than previously thought, but estimates of the magnitude of the variation in total solar irradiance
associated with the solar cycle remains the same at about 1.6 W m?,

Measurements of radiation at the surface show variations in solar radiation with predominant declines from
the 1950s to 1980s and partial recovery thereafter. Similar decadal variations are observed in the related
climate variables sunshine duration, diurnal temperature range, and pan evaporation. These changes appear
to be consistent with increasing and decreasing aerosol loading.

Evidence is emerging of increases in downward longwave radiation consistent with a warming climate. A
growing body of evidence suggests that average downward longwave is 345-350 W m, which is larger than
previously thought.

Changes in the large-scale atmospheric circulation remain difficult to detect, in part because of the large

variability on decadal time scales. In fact, many trend features that appeared from the 1950s to 1990s (e.g.,
an increase in the NAO index or a weakening of the Pacific Walker circulation) have reversed in the more
recent period. The trend in the winter NAO index was 0.041 + 0.012 s.d. per decade during the 1957-2001
period (Hurrell, 1995a) but reversed to -0.086 + 0.039 s.d. per decade in the last two decades (1989-2011).

Several other systematic changes in large-scale atmospheric circulation could nevertheless be found,
including a poleward motion of zonal mean circulation features (widening of the tropical belt, poleward shift
of storm tracks and jet streams, contraction of the polar vortex) since the 1960s or 1970s and a strengthening
of the SAM since the 1970s.

With respect to extremes, it is very likely that there has been an overall decrease in the number of unusually
cold days and nights and an overall increase in the number of unusually warm days and nights on the global
scale since 1950. It is likely that such changes have also occurred at the continental scale in North America
and Europe, and very likely in Australia. There is medium confidence of a warming trend in temperature
extremes in much of Asia. There is low confidence in trends for Africa, because of lack of data and studies.
In South America, lack of data, and some inconsistencies between reported trends imply low confidence in
the trends at the continental scale. It is likely that the number of warm spells, including heat waves, have
increased since the middle of the 20th century in many (but not all) regions.

Substantial increases are found in heavy precipitation events. It is likely that there have been increases in the
number of heavy precipitation events (e.g., 95th percentile) within many land regions, even in those where
total precipitation amount has decreased, consistent with a warming climate and observed significant
increasing amounts of water vapour in the atmosphere.

It is very likely that droughts have become more common, especially in the tropics and subtropics, since the
1970s. There is medium confidence that some regions have experienced more intense and longer droughts
since the 1950s (e.g., Southern Europe, West Africa, East Africa) but also opposite trends exist in other
regions (e.g., Central North America, Northwestern Australia). There continues to be a lack of evidence
regarding the sign of trend in the magnitude and/or frequency of floods on a global scale although there is
high confidence for earlier spring flow in snow-dominated regions.

There is low confidence that any reported long-term increases in tropical cyclone activity are robust, after
accounting for past changes in observing capabilities. Research subsequent to the AR4 and SREX continues
to support a likely poleward shift of extratropical cyclones in addition to their intensification at high latitudes
since the 1950s. These differing conclusions from the study of small scale severe weather events indicate
that there is still insufficient evidence to determine whether robust global trends exist in these phenomena.
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Box 2.3, Table 1: Established indices of climate variability with global or regional influence. Columns are: (1) name of
a general climate phenomenon, (2) name of a specific index intended to describe it, (3) index definition, (4) primary
reference, (5) Figures in this Box, if any, illustrating this index and/or corresponding spatial pattern, (6) Sections of the
report using this index, (7) characterization of the index or its corresponding spatial pattern as an optimal or dominant
pattern of variability, and (8) Comments.

Climate Phenomenon  |Index name Index Definition Primary Refs  [Figs Secs [Characterization Comments
El Nino — Southern NINO3 SST anomaly averaged |Cane et al. Max. amplitude of “a |Traditional SST-
Oscillation (ENSO) - over (1986); broader scale based ENSO index
canonical, Eastern [5°S-5°N; 150°W- Rasmusson and warming of the
Pacific ENSO 90°W] Wallace (1983) equatorial Pacific”
during 1982-83 El
Nino event
NINO3.4 SST anomaly averaged | Trenberth Figure Detrended form is WMO RA IV

over (1997) 2.6.4, close to the 1st PC of |Consensus Index

[5°S-5°N; 170°W- Figure linearly detrended for El Nino and La

120°W] 265 global field of Nina events

monthly SST definition:
anomalies (1900- deviations by no
2008, HadISST1, less than 0.5°C
19%, Deser et al., from 1971—2000
2010b) normals in three-
month averages.
Cold Tongue SSTA Deser and Figure Matches “cold
Index (CT1) [6°N-6°S, 180°-90°W] [Wallace (1990) (2.6.4 tongue” area,

— global mean SSTA subtracts the effect
of the global
average change

Troup SOI Standardized for each |Troup (1965) Figure Used by Australian
calendar month MSLP 264, Bureau of
difference: Tahiti Figure Meteorology

(17.5°S 149.6°W) 265

minus Darwin (12.4°S

130.9°E), x10

SOl Standardized Trenberth Figure Maximizes signal to  |Used by NOAA
difference of (1984) 26.4 noise ratio among Climate Prediction

standardized MSLP linear combinations  [Center (U.S.)

anomalies: Tahiti of Darwin and Tahiti

(17.5°S 149.6°W) records

minus Darwin (12.4°S

130.9°E)

Darwin SOI Standardized Darwin [Trenberthand |Figure Introduced to avoid

(12.4°S 130.9°E) Hoar (1996) 2.6.4 the use of the

MSLP anomaly Tahiti record,

which is
considered
suspicious before
1935.

Equatorial SOI

Standardized

Bell and Halpert

Figure

projected onto annual
data

(EQSOI) difference between (1998) 26.4
standardized averages
of MSLP anomalies
over eastern equatorial
Pacific Ocean [5°S-
5°N; 130°W-80°W]
and Indonesia [5°S-
5°N; 90°E-140°E]
Central Pacific EI Nino |El Nino Modoki [SSTA: [165°E-140°W, |Ashok et al. Figure Index for a
(Modoki) Index (EMI) 10°S-10°N] - (2007) 2.6.4, recently identified
0.5[110°W-70°W, Figure type of El Nino
15°S-5°N]-0.5[125°E~ 265 events: Modoki or
145°E, 10°S-20°N] Central Pacific El
Nino (non-
canonical)
Pacific Decadal and Pacific Decadal |1st PC of the North Mantua et al. As defined
Interdecadal Variability [Oscillation Pacific SST anomaly [(1997); Zhang et
(PDO) field (20°N-70°N) with |al. (1997)
subtracted global mean
Intedecadal The 3rd EOF3 of the |Folland et al. As defined
Pacific 13-year low-pass (1999); Power et
Oscillation (IPO) [filtered global SST, al. (1999)

North Pacific

SLP [30°N-65°N;

Trenberth and
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Index (NP1) 160°E-140°W] Hurrell (1994)

Atlantic Ocean Atlantic Ten-year running Enfield et Called “virtually

Themohaline Multidecadal mean of de-trended al.(2001) identical” to the

circulation Oscillation Atlantic mean SST smoothed
(AMO) - original|anomalies north of the first rotated (North
index equator [0-70°N] Atlantic) EOF mode
Atlantic Original AMO Index | Trenberth and
Multidecadal but with global mean [Shea (2006)
Oscillation anomaly subtraction
(AMO) - revised |instead of de-trending
index

NAO Lisbon/ Ponta Lisbon/ Ponta Delgada |Hurrell , 1995b) |Figure A primary NH MSLP anomalies
Delgada -- minus Stykkisholmur/ 2.6.6, teleconnection both infin the NAO index
Stykkisholmur/  [Reykjavik Figure MSLP and Z500 definition could be
Reykjavik North |standardized MSLP 26.7 anomalies (Wallace |taken as monthly,
Atlantic anomalies and Gutzler, 1981); |seasonally or

Oscillation one of rotated EOFs [annually averaged,
(NAO) Index of NH 2500 or as NH winter
Gibraltar - Gibraltar minus Jones et al. (Barnston and (cold season)
Reykjavik NAO |Reykjavik (1997) Livezey, 1987) averages.'Each of
Index standardized MSLP thes_e choices
anomalies carries to the
- — - temporal resolution
PC-based NAO |The leading principal [Hurrell , 1995b) |Figure of the NAO index
Index component of MSLP 2.6.6 produced that way.
anomalies over the
Atlantic sector (20°N-
80°N, 90°W-40°E)
Annular modes: Arctic |PC-based AO 1st PC of the monthly |Thompsonand |Figure As defined Closely related to
Oscillation (AO), a.k.a. |index mean MSLP anomalies|Wallace (1998, |2.6.6, the NAO
Northern Annular poleward of 20°N 2000) Figure
Mode (NAM) Index 26.7
and _Ant_arct|c PC-based AAO |1st PC of 850 hPa Thompson and As defined
Oscillation (AAO), index geopotential height | Wallace (2000)
a.k.a. Southern Annular anomalies south of
Mode (SAM) Index 20°5
AAO index as Difference between Gong and Wang
40°S—65°S normalized zonal mean|(1999)
difference from a [SLP at 40°S and 65°S
gridded SLP
analysis
AAO indexas |Same as above but Nan and Li
40°S—70°S modified to the (2003)
difference from a |difference between
gridded SLP latitudes 40°S and
analysis 70°S
AAO index asa |Estimate of 40°S— Marshall et al.
station-based 65°S difference in (2003)
40°S—65°S normalized zonal mean
pressure SLP estimated from
difference station data
Pacific/North America [PNA pattern 0.25[Z(20°N, 160°W) |Wallace and A primary NH
(PNA) atmospheric index - Z(45°N, 165°W) +  |Gutzler (1981) teleconnection both in
teleconnection Z(55N, 115°W) - MSLP and 2500

Z(30°N, 85°W)],
where Z denotes
standardized 500 hPa
geopotential height
anomalies

anomalies (Wallace
and Gutzler, 1981);
one of rotated EOFs
of NH Z500
(Barnston and
Livezey, 1987)

Tropical Atlantic Ocean
non-ENSO variability

Atlantic Nino
Index, ATL3

SSTA [3°S-3°N,
20°W-0°]

Zebiak (1993)

Identified by Deser et
al. (2010b) as the two
leading PCs of
detrended tropical

Tropical Atlantic | The 2nd PC of the Deser et al., -
Meridional Mode |detrended tropical 2010a (this éé'??:'ég??ghy)
(AMM) Atlantic monthly definition) - :
SSTA (20S-20N) 38%and 25%
variance respectively
for HadISST1, 1900-
2008
Tropical Indian Ocean [Indian Ocean The 1st PC of the IO |Deser et al. Identified by Deser et
non-ENSO variability |Basin Mode detrended SST 2010a (this al.(2010b) as the two
(IOBM) Index  |anomalies (40-110E, |definition) leading PCs of
20S-20N) detrended tropical
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Indian Ocean
Indian Ocean  |SSTA: [50°E-70°E,  |Saji et al. (1999) monthly SSTA (20S-
Dipole Mode | 10°5-10°N)]-[90°E- 20N): 39% and 12%
Index (DMI)  |110°E, 10°5-0°] of the variance,
respectively, for
HadISST1, 1900-
2008
Cold Ocean — Warm  [COWL Index Found by fitting to the |Wallace et al. Proved useful for
Land (COWL) global temperature (1995) removing some
Variability field the regression effects of natural
pattern of temperature climate variability
anomalies with from global mean
subtracted global mean temperature
on that mean records.
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1 Figures
2
Global Historical Climatology Network (Monthly)
Stations Reporting Mean Temperature, pre-1900
Stations Reporting Mean Temperature, 1961-1990
3
4
5 Figure2.1: Station availability for the GHCN monthly network for the late 19th century, the 1961-1990
6  period of maximum station density and most recent decade.
7
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Figure 2.2: Globa land surface temperature time series evolution estimates from 1880 to present.

Do Not Cite, Quote or Distribute 2-102 Total pages. 155



Zero Order Draft Chapter 2 IPCC WGI Fifth Assessment Report

1
Urban & Peri-Urban Stations -.15
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NARR OMR (colors reversed Hansen's “urban correction”
as in a “correction”) {°C / century)

2
3
4  Figure2.3: Fall et a. (2010)’ s Figure 6 comparing (inverted) “ Observations minus Reanaysis’ temperature
5 trends (°C per decade) over the USA with the Hansen et al. (2001) nightlight-based urban.
6
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Figure 2.4: Thermal structure of the ocean surface layer (adopted from Donlon et al. (2007) by GHRSST
participants; https://www.ghrsst.org/SST-Definitions.html; [precise attribution needs to be].
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Fraction of Measurements from each Type in ICOADS
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Figure 2.5: Fractiona contribution to the global average SST from different measurement methods. The
blue area represents bucket observations. The green area, engine inlet and hull contact sensor observations.
The red area shows the contribution of moored and drifting buoys and the yellow area represents those

observations that cannot be identified.
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Figure 2.6: Effect of observationa platform biases on global mean SST [(from Kennedy et a., 2011c)].
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Global Mean of Annual Temperature Anomaly
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Figure 2.7: Globa means of annually averaged anomalies from marine surface temperature data sets. See
Table SST1 for descriptions of the data sets. Anomalies for all data sets are computed with regardsto a
common estimate of 1961-1990 climatological hormals for SST (Table 2.2, Smith and Reynolds, 1998). To
aid visual comparison, the results for the night marine air temperature data set (MOHMAT4.3N) have been

shifted up by 1.2°C.
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Uninterpolated marine surface temperature data sets
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Figure 2.8: Linear trends for 1891-2006 period in the annua means of uninterpolated gridded data sets of
marine surface temperature observations. MOHMATA4.3N trend is through 2005. See Table 2.2.1 and
references therein for data set details. Trends are computed by ordinary least squares (OLS). In white areas

computed trends were not different from zero at 5% significance level.
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Linear trends: 1891-2006
Interpolated SST data sets
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Figure 2.9: Linear trends for 1891-2006 period in the annua means of interpolated globally complete
(“analyzed”) SST data sets. See Table 2.2.1 and references therein for data set details. Trends are computed
by OLS. In white areas computed trends were not different from zero at 5% significance level.
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Linear trends: 1949-2006
Interpolated SST data sets
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Figure 2.10: Linear trends for 1949-2006 period in the annual means of interpolated globally complete
(“analyzed”) SST data sets. See Table 2.2.1 and references therein for data set details. Trends are computed
by OLS. In white areas computed trends were not different from zero at 5% significance level.

Do Not Cite, Quote or Distribute 2-110 Total pages. 155



e
WNROWOWONOU AW

Zero Order Draft Chapter 2 IPCC WGI Fifth Assessment Report

o
o

Global Average

SST Anomaly?K)

o o o

e N S
LI | L L | LI
i%

1995 ~ 2000 ~ 2005

o.s8r ' " " Fo.10
S ok Jo.0s
= . — —
s Jo0e
SS B —Jo.04 &
Sa o4l 7 2
gE - —o.02 5
=2 I = =
g o2 = Jo.00 =
= - E
- N —-0.02

0.0 1 2 . =

1995 2000 2005

Figure 2.11: Consistency of bias correctionsto the in situ SST data with independent satellite observations:
(top) Co-located monthly, 5° area global average SST anomalies August 1991 to December 2007 (relative to
1961-1990) for the ATSR instruments (red) and HadSST2 (black, Rayner et a. 2006). D3 retrievals were
used where they were available, but between 1992 and 1996 D2 retrievals from the ATSR-1 instrument were
used. The dashed black line is an estimate of the HadSST 2 time series corrected for the bias between drifting
buoys and ships. (bottom) Fractional contribution of drifting buoy observationsto the global average
calculated by taking the area weighted average of the fraction of drifting buoy observationsin each grid box.
The correction is shown on the right-hand axis.
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Figure 2.12: Globa mean time series at annual resolution from a straight average of the three data products,
plus offset from this differences between products. Right hand panel shows decadally averaged values.
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Figure 2.13: Decadal mean anomalies and associated uncertai nties based upon Brohan et al. (2006)
uncertainty model for HadCRUT3. Anomalies are relative to a 1961-1990 climatology period. Use of NCDC
or GISS plus their uncertainties would yield grossy similar results and asimilar conclusion that each of the
last three decades in turn has been significantly warmer than al preceding decades in the record.
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Figure 2.14: Hovmuller plot of surface anomalies from HadCRUT3 on an annual basis (left hand panel) and
decadally averaged (right hand panel). Anomalies are relative to a 1961-1990 climatol ogy.
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Trend in Annual TMEAN, 1901 to 2010 Trend in Annual TMEAN, 1979 to 2010
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Figure 2.15: Global mean trend maps from NCDC surface record for 1901— 2010 (left hand panel) and
1979-2010.
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2
3
4  Figure2.16: Seasonality of trends from the NCDC surface temperature analysis over the period since 1979.
5
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Figure 2.17: Vertical weighting functions for satellite temperature retrieval s discussed in this chapter. The
dashed line indicates the typical maximum altitude achieved in the historical radiosonde record.
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Linear trends 1958—-2003
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Figure 2.18: Radiosonde product global temperature trend estimates from four datasets (symbols) and the
estimated structural uncertainty inthe HadAT product from Thorne et al. (2011a) (Box whiskers denote
median estimator, 25-75th percentile and range) over the common period of record 1958-2003. All trend
estimates are from median of pairwise slopes technique. Global averages were created by calculating zonal
means and then weighting zonal anomalies by cos(lat). The four best estimates used are HadAT2 (A), IUK
(o), RICH (+) and RAOBCORE ().
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Figure 2.19: LS anomalies of RSS, UAH, STAR, and RO_AMSU for @) the entire globe (82.5°N-82.5°S), b)
82.5°N—60°N, c) 60°N—-20°N, d) 20°N—-20°S, €) 20°S-60°S, and f) 60°S-82.5°S. The orange line indicates the
mean trend for RO_AMSU.
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Figure 2.20: Global temperature anomaly time series from SSU data from the three SSU channels, as
analysed by Randel et a. (2009) and, for Channels 25 and 26, as analysed by Liu and Weng (2009), and
differences between them for Channels 25 and 26. Symbols indicate major volcanic eruptionsin 1982 (El
Chichon) and 1991 (Pinatubo). Reproduced from Seidel (2011).

Do Not Cite, Quote or Distribute

2-120

Total pages. 155



coO~NO O1Th WN

Zero Order Draft Chapter 2 IPCC WGI Fifth Assessment Report

)

oD

s

8

o

£

[

5 ;

_g’ = Radiosonde Mean = O ERAI (-MEAN)

= 0.5 —— % HadAT2 (MEAN)  «=:-- # ERA40 (-MEAN) 1 F -
s e A UAH_LT5.2 (-MEAN) raobcore14 (-MEAN

{g s 7 RSS_LTV3.2 (-MEAN) s 7 RICH (-MEAN) /‘\/\'\/ §
® 0.0 s [] RATPAC (-MEAN) __‘V/\ - =

[ ¥

g

k2 o

o 05} 4 % -
@

=

]

3 1.0

= - - - -
g ' lllllllllllllllllllllllllllllllllllllllllllllllllll

E 1960 1970 1980 1990 2000 § g § § §

Figure 2.21: Globa average lower tropospheric temperature anomaly time series for the mean of all
included radiosonde datasets and offset therefrom the differences from this composite for each dataset (left
hand panel). Decadal mean global anomalies for each dataset (right hand panel). All time series have been
anomalized to acommon 19891998 reference period.
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Figure 2.22: Global average lower stratospheric temperature anomaly time series for the mean of al
included radiosonde datasets and offset therefrom the differences from this composite for each dataset (left
hand panel). Decadal mean global anomalies for each dataset (right hand panel). All timeseries have been
anomalized to a common 19891998 reference period.
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Figure 2.23: Latitude-time variations in temperature anomalies from v.3.3 of the RSS product (Mears and
Wentz, 2009a; Mears and Wentz, 2009b) for estimates from the lower troposphere (bottom) to the lower
stratosphere (top).
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Figure 2.24: Trend maps from the surface (HadCRUT3, Brohan et al., 2006) and four atmospheric layers
from MSU/AMSU (RSSVv. 3.3, Mears and Wentz, 2009a, 2009b) over the period 1979-2009 (except for TS
which is 1987-2009).
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Figure 2.25: Trend estimates for MSU datasets sampled as the radiosonde datasets in space and time (hence
multiple estimates for each MSU product) and the radiosonde datasets for a quasi-global average excluding
the highest latitude and three sub-domains. For the RSS product internal uncertainty estimates as given in
Mears (2011) are shown as whiskers (2 standard deviations). RATPAC RW isfor a subsampled set of
RATPAC following Randel and Wu (2006) who found potential issues for a number of RATPAC recordsin
the stratosphere.
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FAQ 2.1, Figure 1: Schematic of those climate elements that have been measured quasi-globally and on
multi-decadal timescales that would be expected to change if the world were indeed warming; and the
direction in which they would be expected to change.
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FAQ 2.1, Figure 2: Multiple redundant indicators of achanging global climate. Each line represents an
independently derived estimate of change in the climate element. All publically available, documented,
datasets known to the authors have been used in their latest version with no further screening criteria applied.

Further details are given in Baringer et a. (2010).
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Figure 2.26: Globally averaged annual precipitation over land areas from GHCN (green bars) with respect to
the 1981-2000 base period. Smoothed curves (see Appendix 3.A from Trenberth et al., 2007)) for GHCN
and other global precipitation data sets as listed.
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Figure 2.27: Linear trend, in % per century for annual precipitation from the GHCN data set for 1901-2010
(top) and 19792010 (bottom). Grid boxes with statistically significant trends at the 95% level are indicated
by +.
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Figure 2.28: a) and d) are time series of global mean temperature and precipitation anomalies during 1979—
2008, respectively. b) and €) are their corresponding ENSO and vol canic effects. c) and f) are time series of
global mean temperature and precipitation anomalies with ENSO and volcanic effects removed. Also shown
in a), ), d) and f) are estimated linear trends during the time period.
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Figure 2.30: Trends and variability in surface humidity. a) Decadal trendsin surface specific humidity ing
kg™ per decadefrom HadCRUH over 1973-2003. b) Globally averaged monthly mean anomaly time series
of land surface specific humidity. c) Globally averaged monthly mean anomaly time series of land surface
relative humidity. d) Globally averaged monthly mean anomaly time series of marine surface specific
humidity. €) Globally averaged monthly mean anomaly time series of marine surface relative humidity. Time
series show data from HadCRUH (solid thick black), HadCRUHext (solid thick grey), Dai (dotted red), ERA
40 (long dashed light blue), ERA interim (dot dashed royal blue) and Berry & Kent (solid thick orange).
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Figure 2.31: Global Anomaliesin Water Vapour (from State of Climate Report).
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Figure 2.32: Global Anomaliesin Cloud Cover (from State of Climate Report).
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Figure 2.33: a) Salid line shows globally averaged CO, dry air moles fractions; dashed lineisa
deseasonalized trend curve fitted to the global averages. b) Instantaneous growth rate for globally averaged
atmospheric CO; (solid line; dashed lines are +68% confidence limits). The growth rate is the time-
derivative of the dashed linein a). Symbols are annual increases from January 1 in one year to January 1in
the next year, plotted in the middle of the year.
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Figure 2.34: a) Solid line shows globally averaged CH, dry air moles fractions; dashed lineisa
deseasonalized trend curve fitted to the global averages. b) Instantaneous growth rate for globally averaged
atmospheric CH, (solid line; dashed lines are +68% confidence limits). The growth rateis the time-
derivative of the dashed linein a). Symbols are annual increases from January 1 in one year to January 1in
the next year, plotted in the middle of the year.
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Figure 2.35: a) Solid line shows globally averaged N,O dry air moles fractions; dashed lineisa
deseasonalized trend curve fitted to the global averages. b) Instantaneous growth rate for globally averaged
atmospheric N,O. The growth rate is the time-derivative of the dashed linein a).
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Figure 2.36: Springtime trends in Os; concentrations measured in @) Europe and b) western North America
and Japan. Thelines (in colour) indicate the linear regressions to the data, and the curves (in black) indicate
guadratic polynomial fitsto the three central European sites over the time span of the lines. Arkona and
Zingst are two sites located close to the Baltic Sea. Mace Head islocated at the west coast of Ireland.
Hohenpiessenberg (1.0 km asl) and Zugspitze (3.0 km agl) are in southern Germany, and Jungfraujoch (3.6
km adl) isin Switzerland. The North American data are from several sealevel Pacific coastal sitesand
Lassen Nationa Park (1.8 km asl) near the west coast, and from the free troposphere over the western part of
the continent. The Japanese data are from Mt. Happo (1.9 km adl) on the Japanese mainland and Rishiri, a
northern (45N) sealevel idand site (HTAP, 2010).
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Figure 2.37: Seasona and regional ozone from soundings at 850-950 hPa pressure level s between 1968 and
2009. Each seasonal data point represents the median statistics of >10 soundings. Winter refersto NH
December-January-February and SH, July-August-September, etc.
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Annual mean area-weighted total ozone deviations for 60°S-60°N estimated from different global
datasets: ground-based (black), NASA TOMS/OMI/SBUV(/2) merged satellite dataset (red),
National Institute of Water and Atmospheric Research (NIWA) assimilated dataset (magenta),
NOAA SBUV(/2) (blug), and GOME/SCHIAMACHY merged total ozone data (green). Each
datasef was deseasonalized with respeact to the period 1979-1987. The average of the monthly-
mean anomalies for 1964-1980 estimated from ground-based data was then sublracted from
each anomaly time series. Deviations are expressed as percentages of the ground-based time
average for the period 1964-1980.
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Figure 2.38: Trendsin midlatitude @) and polar b) stratospheric ozone. Total ozone average of 63°—-90°
latitude in March (NH) and October (SH). Symbols indicate the satellite data that have been used in different
years. The horizontal grey lines represent the average total ozone for the years prior to 1983 in March for the
NH and in October in the SH.
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Figure 2.39: Global seasonal maps for aerosol optical depth (AOD) distributions at 550nm based a multi-
annual satellite sensor retrievals by MODIS, MISR and AVHRR (after validations against ground-based sun-
photometry). Strongest aerosol |oads are caused by a) biomass burning during DJF in western Africa and
during SON in southern America, southern Africaand Indonesia, b) by dust during MAM and JJA in
northern Africaand during MAM &l so over the mid-east and eastern Asiaand c) by pollutionin MAM and
especialy during JJA over the industrial centers of the Northern Hemisphere.
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Figure 2.40: Comparison of AVHRR based trends between 1984 and 2000 for mid-visible AOD (amount)
and Angstrom parameter (size) based on data off the US east coast. The data show continued decreases for
AQOD over the entire annual cycle and also reduction to particles size in winter (smaller Angstrom
coefficient), suggesting tempora trends for the reduction of fine-mode aerosol particles over the eastern US.
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Figure 2.41: Average AOD temporal profilesfrom MODIS (Level 3), MISR (level 3) and AERONET
(Level 2) for the 2000—2009 time period in Europe, North Americaand Asia. Level 2 and 3 refer to the
amount of temporal, spatial, or spectral aggregration/processing of the data.
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Figure 2.42: Time series of annual average PM2.5 (ug/m®) in Europe (IT Italy;AT Austria; CH Switzerland;
DE Germany; ES Spain; NO Norway).
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5  Figure2.43: Observed SO, trends 19902005 (ug S/m® yr'™) in Europe and the US. Not significant trends are
6  denoted with red circle (Pozzoli et d., 2011).
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Figure 2.44: Space-borne total solar irradiance (TSI) measurements are shown in a) in "native" scales with
offsets attributable to calibration errors. Instrument overlap allows corrections for offsets and the creation of
acomposite TSI record. Plot b) shows the average of three different reported composites [ACRIM, PMOD,
and RMIB] adjusted to match the SORCE/TIM absolute scale. The grey shading indicates the standard
deviation of the three composites. Shown in ¢) are irradiance variations estimated from an empirical model
that combines the two primary influences of facular brightening and sunspot darkening with their relative
proportions determined viaregression from direct observations made by SORCE/TIM. The daily sunspot
numbers shown in d) indicate fluctuating levels of solar activity for the duration of the database [(from Kopp

and Lean, 2010, in press)].
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Figure 2.45: Net TOA flux anomaly from 1985-2005 for 20S—20N from merged ERBS and CERES Terra
(thick solid line). The thin solid and dotted lines are derived using SW measurements from ERBS/CERES

and LW observations from ISCCP-FD (Zhang et al., 2004) and HIRS (Lee et a., 2007; Lee et al., 2004).
Anomalies arerelative to the average over 1985-1989. From Andronovaet a ., (2009).
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Figure 2.46: Annual mean surface solar radiation (in W m®) as observed at Potsdam, Germany, from 1937
to 2006. Five year moving average in blue. Distinct phases of inclines (1930s-1940s, “early brightening”),
declines (1950s-1980s, "dimming”) and renewed inclines (since 1980s, “ brightening”) can be seen. From

Wild (2009).
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Box 2.2, Figure 1. Top: Linear trendsin SLP from HadSLP2 (Allan and Ansell, 2006) between 1970 and
2010 (top) and 500 hPa GPH from 20CR (Compo et al., 2011) between 1970 and 2008 (bottom) for May-
October season (left) and November-April (right). Only trends that are significant at the 10% level are
shown.

[THISISA SIMPLE KNMI CLIMATE EXPLORER STRAWMAN; NEEDS TO BE REDONE WITH
TREND ESTIMATE]
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Figure 2.47: Surface wind trends for the period July 1986 to August 2006 computed at a spatial resolution of
2.5°. @) SSM/I wind trends, b) ICOADS wind trends (Wentz et a., 2007), ¢) 0.995 sigmalevel wind trend
from 20CR.

[THISISA STRAWMAN FIGURE: PANELSB AND C COULD BE COMPLEMENTED WITH LAND
SURFACE WINDS FROM ANEMOMETERS AND 20CR, RESPECTIVELY, BUT NEEDS FURTHER
EFFORT.]
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Figure 2.48: Width of the tropical belt as seen in various observation-based data sets (Seidel et al., 2008).
[THISISA STRAWMAN FIGURE; | SUGGEST UPDATING IT AND ADDING INDICES ON STORM

TRACKS]
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Selected Indices of El Nino — Southern Oscillation (13 month running means)
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Box 2.3, Figure 1. Sdlected indices of ENSO as defined in Box 2.3, Table 1. To ease visual comparison,
signisinverted for al SOI versions; 13-month-running-means filter is applied to all indices. SOIs are
standardized over 1971-2000 period by construction; temperature-based indices NINO3.4 and ENSO
Modoki Index (EMI) are standardized here over the same period. Their standardization factors (in units of
1/°C) are specified in the legend.
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1
Regression Patterns for Sea Surface Temperature anomalies (1901-2010)
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Regression Patterns for Mean Sea Level Pressure anomalies (1901-2010)
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Regression Patterns for rainfall anomalies (1979-2009)
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3
4  Box 2.3, Figure 2: ENSO-related variability patternsin SST, MSLP, and rainfall corresponding to the three
5 of ENSO indices shownin Box 2.3, Figure 1: NINO3.4, Troup SOI, and EMI. Patterns are obtained by
6  regressing monthly mean fields of these variables on each of the indices. HadlSST1 and HadSL P2r for
7  1901-2010 period are used for SST and M SLP data respectively, and Xie and Arkin’s CMAP precipitation
8 datasetisused for the rainfall fields (January 1979 — August 2009). Units of regression patterns for SST,
9 MSLP, and rainfall, on either of temperature indices (NINO3.4 and EMI) are unitless, mb/°C, and

10  mm/day/°C, respectively, and °C, mb, and mm/day per one standard deviation for SOI. Regression patterns
11 onNINOS3.4 and SOI are very similar: these are viewed as traditional ENSO impact patterns. Patterns

12 corresponding to EMI are somewhat different, since the EMI indexes a non-canonical type of El Nifio:

13  Modoki, or Central Pacific El Nifio.
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Selected Indices of NAO and AO, DJFM means
3 ! ] T I T T
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Box 2.3, Figure 3: Sdected indices of NAO and AO (ak.a. NAM) asdefined in Box 2.3, Table 1. Station-
based (Lisbon/Ponta Del gada minus Stykkisholmur/Reykjavik) and PC-based NAO indices are according to
Hurrell (19953a), and AO index is computed by CPC on the basis of NCEP/NCAR Atmospheric Reanalysis.
All indices are standardized for the 1971-2000 period. The last value in the plot corresponds to the 2009—
2010 DJFM averageisformally arecord low in the datainterval 1865 to present that is shown here (athough
itisvery closeto the previous record, set in 1880-1881 winter). The 2010-2011 DJFM value (not shown) is
expected to be similarly low.
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Box 2.3, Figure 4: NAO- and AO-related variability patternsin the SST and MSLP. The patterns are
obtained by regressing monthly mean fields of these variables on the NAO station-based index from Hurrell
(1995a) and the AO index from the CPC. Regressions are performed for the DJFM averages. HadISST1 and
HadSL P2r for 19012010 period are used for the SST and M SLP data, respectively. Unitsin the regression
patterns for SST and MSLP are °C/s.d and mb/s.d., respectively.
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